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ABSTRACT

The sea surface microlayer (SML), defined as less than 1,000 um uppermost layer of the
ocean water column, is located at the interface between the atmosphere and the ocean and plays
critical roles in global biogeochemical cycles and climate change through air-sea gas exchange. To
clarify the enrichment of organic matter and microorganisms in the SML of temperate coastal
waters and its roles in air-sea gas exchange, the seasonality in organic matter concentration and
microbial abundance in the SML (Study 1) and the dynamics of carbon monoxide (CO) in the SML
produced photochemically and consumed biologically (Study 2) were investigated in coastal waters
of Sagami Bay, Japan. In Study 1, the concentration of organic matter (dissolved and particulate
organic carbon, chromophoric dissolved organic matter [CDOM], and transparent exopolymer
particles) and the abundance of microorganisms (phytoplankton, bacteria, and autotrophic and
heterotrophic nanoflagellates) in the SML were significantly higher compared to the subsurface
water (SSW, 0.5 m depth) throughout the year and particularly increased during spring (April 2014
and May 2015). The particular increase during spring was probably due to phytoplankton blooms in
the SML induced by the external supply of inorganic nutrients (phosphate), which showed the
seasonality of chemical and biological factors in the SML of temperate coastal waters. In Study 2,
photochemical CO production rate in the SML normalized by the integrated solar irradiance during
the incubation period was relatively high (3.85 + 3.09 nM [kWh m™]™) from spring to autumn
(from June to November 2017 and from March to June 2018) when significant enrichment of
CDOM was observed. On the other hand, biological CO consumption rate constant in the SML was
relatively high (0.060 + 0.010 h™*) from spring to autumn (from June to November 2017 and from
May to June 2018) during the period of relatively high water temperature. Although sea-air CO flux
(F) showed a similar variation with CO concentration in the SSW, CO concentration in the SML
particularly increased (15.0 nM) during a spring phytoplankton bloom (June 2017), which indicates



the suppression of air-sea CO exchange by the enrichment of biogenic surfactants in the SML
derived from phytoplankton. Comparison among the turnover time of the photochemical production,
biological consumption, and sea-air emission of CO in the SML (tprod, Tcons, @Nd Zsea-air, FeSpectively)
showed that zcons (13.5-27.8 h) was much higher than zse-air (0.003-0.079 h) throughout the year,
suggesting that biological CO consumption in the SML can be ignored in air-sea CO exchange.
However, zpoq (0.36 h) was relatively comparable t0 zsea-air (Tsea-air/Tprod = 21.9%) in August 2017,
which suggests that photochemical CO production in the SML enhances F during summer under

intense light, active biological production, and weak wind conditions.



Chapter 1

General Introduction

1.1. Global Warming and the Role of the Ocean

In the Fifth Assessment Report, the Intergovernmental Panel on Climate Change (IPCC)
reported that global mean surface temperature has linearly increased by 0.85°C from 1880 to 2012
(Hartmann et al. 2013). Because the surface temperature increase observed during the last 30 years
was unprecedented and the highest over the last thousands of years, the IPCC concluded that global
warming is unequivocal.

The extent of greenhouse effect is expressed as radiative forcing defined as the change in
energy flux at the tropopause (the boundary between the troposphere and the stratosphere) due to
the change of the drivers of climate change. In 2011, anthropogenic radiative forcing relative to
1750 (2.29 W m2) was much higher than natural radiative forcing caused by the change in solar
irradiance (0.05 W m2) (Myhre & Shindell 2013). Among all anthropogenic drivers, the largest
contribution to radiative forcing was made by the increase in the atmospheric concentration of
greenhouse gases (GHGSs) such as carbon dioxide (CO,) (1.68 W m2), methane (CH.) (0.97 W m ),
carbon monoxide (CO) (0.23 W m2), and nitrous oxide (N-0) (0.17 W m2). CO,, CHa, and N,O
themselves act as the drivers of climate change whereas CO is known as an indirect GHG because
CO concentration regulates the concentration of various GHGs in the atmosphere including CHyg,
halocarbons, and ozone with high global warming potential.

Climate change is predicted under the Coupled Model Intercomparison Project Phase 5
(CMIP5) by simulating anthropogenic effect on climate in the future based on the scenarios of
human activity, called the representative concentration pathways (RCPs) which show radiative
forcing in 2100 relative to 1750. In the RCP 8.5 scenario which assumes more GHG emission by

human activity in the future, the increase in global mean surface temperature and sea surface
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temperature is estimated to be 3.7°C and more than 3°C at the end of the 21st century relative to
1986-2005, respectively (Collins & Knutti 2013; Kirtman & Power 2013). For more accurate
prediction of climate change, the understanding of feedback on global warming by the change of
climate processes affecting GHG concentration in the atmosphere is essential.

Although the largest cause of global warming is GHG emission by human activity, not all
amount of GHGs emitted anthropogenically accumulates in the atmosphere because some amount
of the GHGs is absorbed by the land and the ocean. Of the two, the ocean has much higher storage
capacity of some GHGs compared to the land. For example, the ocean is calculated to have
absorbed much more carbon (127 pgC) from 1850 to 2005 compared to the land (2 pgC) and is
expected to continue carbon uptake during the 21st century in all RCP scenarios (Ciais & Sabine

2013). Thus, the ocean plays vital roles in global warming through air-sea gas exchange.

1.2. Air-sea Gas Exchange

The classical model of air-sea gas exchange, the two-layer (thin film) model, considers thin
films, which are tens to hundreds of um thick (Zhang et al. 1998; Zhang et al. 2003; Carpenter &
Nightingale 2015; Engel et al. 2017), on either side of flat interface between the atmosphere and the
ocean (Liss & Slater 1974; Upstill-Goddard 2006) (Fig. 1-1a). Turbulent mixing determines gas
transfer outside thin films whereas turbulence dramatically attenuates near thin films due to the
viscosity of the ocean surface. In thin films, gas transfer is dominated by molecular diffusion, and
gas concentration gradient develops. Excluding wave breaking and bubble ebullition, the strongest
resistance to gas transfer is molecular diffusion in thin films, which substantially regulates gas
exchange across the air-sea interface. For relatively insoluble gases including most of the GHGs,
the air-side thin film can be practically ignored, and air-sea gas exchange exclusively depends on
gas transfer in the sea-side thin film.

Air-sea gas flux is calculated by the product of gas transfer velocity (ky) and the difference

2



between gas concentration in the atmosphere and the ocean (AC). Because k,, cannot be measured
directly, the measurement of air-sea gas flux and AC allows the estimation of apparent k.
Practically, to calculate air-sea gas flux, AC is measured, and apparent k,, is parameterized using an
empirical relationship between wind speed and apparent k,, based on the assumption that air-sea gas
exchange depends on wind and wind-related processes such as waves and bubbles (Liss & Merlivat
1986; Wanninkhof 1992; Wanninkhof & McGillis 1999; Nightingale et al. 2000). Thus, better
understanding of apparent ki, is essential for more accurate calculation of air-sea gas flux because
apparent ky, largely varies at similar wind speeds (Brooks et al. 2009; Garbe et al. 2014), which

suggests the need to consider parameters not scaling with wind speed.

1.3. Sea Surface Microlayer (SML)

Tens to hundreds of um of the sea-side thin film is also known as the sea surface
microlayer (SML). The SML is defined as less than 1,000 um uppermost layer of the ocean water
column (Liss & Duce 1997). The SML is located at the interface between the atmosphere and the
ocean and plays critical roles in global biogeochemical cycles and climate change through the
regulation of the air-sea exchange of relatively insoluble, climate-related gases (Cunliffe et al. 2013).
Due to its proximity to the atmosphere, the SML is physically different from the subsurface water
(SSW) usually at 0.5-1 m depth (Cunliffe et al. 2011). For example, the SML is exposed to the most
intense ultraviolet (UV) and visible solar radiation and subject to the largest magnitude of salinity
change due to precipitation and freshwater inflow. These facts make the SML one of the most
extreme environments in the ocean.

Field investigation in tropical, temperate, and polar regions by Wurl et al. (2011a)
confirmed that the formation of the SML persisted at global mean wind speed of 6.6 m s (Archer
& Jacobson 2005) and even at 10 m s™. Further, they showed that a significant extent of the ocean

surface is covered with the SML based on the world distribution of biological productivity and wind
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condition. However, the thickness of the SML in natural environments changes depending on
environmental conditions including water temperature and wind speed and remains unrevealed
(Cunliffe et al. 2011). Thus, SML samples are operationally defined as seawater collected using
SML samplers such as mesh screens (Garrett 1965), glass plates (Harvey 1966; Harvey & Burzell
1972), and polycarbonate filters (Crow et al. 1975; Kjelleberg et al. 1979), which typically collect
150-400 pm, 20-150 um, and 40 um layer of the ocean surface, respectively.

To date, the chemical and biological studies of the SML have been conducted in various
oceanic areas from tropical to polar regions and from coastal to open waters (Table 1-1). Previous
studies have shown the difference between the concentration of organic matter and the abundance
of microorganisms in the SML and SSW using enrichment factors (EFs) calculated as the ratio of
values in the SML to those in the SSW (e.g. Sieburth et al. 1976; Harvey & Young 1980). Most of
the EFs reported by previous studies ranged from 0.9 to 2.7, which means approximately 1-3 times
higher organic matter concentration and microbial abundance in the SML than in the SSW (e.g.
Carlson 1983; Obernosterer et al. 2005; Joux et al. 2006; Wurl & Holmes 2008). Occasionally,
particularly high EFs (up to 42.8) were also reported by Wurl et al. (2011b) and Wurl et al. (2016)
who investigated the SML of visible slick areas where the wave-damped ocean surface caused by
the accumulation of surface-active organic matter (surfactants) is observed and Nakajima et al.
(2013) who investigated the SML of tropical coral reef waters. These studies show that the SML

also forms chemically and biologically distinct environments compared to the SSW.

1.4. Air-sea Gas Exchange through SML

Conrad & Seiler (1988) and Upstill-Goddard et al. (2003) used a free-floating box in the
tropical Atlantic Ocean and a closed tank in a laboratory, respectively, under the controlled turbulent
condition to estimate both the apparent air-sea and sea-air k,, of gases such as CH, and CO. They

found significant differences between the apparent air-sea and sea-air k,, which can be only
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attributed to gas uptake by microorganisms in the SML. This result indicates that gases can be
actively produced and/or consumed in the SML enough to change apparent k,, depending on gases
and environmental conditions while they pass through the SML via molecular diffusion. After that,
Cen-Lin & Tzung-May (2013) pointed out that the chemical and biological reactions of gases in the
SML are not considered in the two-layer model and proposed the three-layer model, a system
composed of the air-side thin film at the bottom of bulk atmosphere, the sea-side thin film at the top
of bulk seawater, and the SML on the sea-side thin film where gas concentration is uniform (Fig.
1-1b). In the three-layer model, chemical and biological gas reactions in the SML can change
apparent k,, by acting as an additional source and/or sink of gases. If gases are chemically and
biologically produced and/or consumed significantly in the SML, the parameterization of apparent
kw according to the two-layer model based on the assumption that air-sea gas exchange is only
under physical control and the subsequent calculation of air-sea gas flux will be erroneous.

Apparent k,, can also change due to the accumulation of organic matter in the SML. For
example, Salter et al. (2011) added a surfactant (oleyl alcohol) to seawater in the northeast Atlantic
Ocean and estimated apparent k,, using air-sea gas flux measured by a dual tracer (*He/SFe)
technique and AC. They found the decrease in apparent k,, by < 55% at wind speed of < 7.2 m st in
artificially surfactant-covered areas relative to natural areas. This result indicates that air-sea gas
exchange can be largely suppressed because organic film formed in the SML acts as a physical
barrier and changes turbulent energy transfer in surface waters.

These researches suggest that the study of the enrichment of organic matter and
microorganisms in the SML is required to understand gas production and consumption in the SML
and their effect on air-sea gas exchange. Further, because the SML is the first in the ocean to be
exposed to the increase in water temperature due to global warming and changes in the SML by
water temperature increase in turn affect the atmosphere, the evaluation of feedback on global

warming due to the changes of gas production and/or consumption in the SML by the increase in



water temperature is required to understand the processes of the ocean-climate feedback and to
develop climate models.

CO,, CHg4, CO, and N0 are atmospheric trace gases which largely contribute to radiative
forcing and global warming (Myhre & Shindell 2013). The ocean is globally a sink of the
atmospheric CO, although the regional air-sea CO, flux can be both positive and negative
depending on the difference between the partial pressure of CO, in the atmosphere and the ocean
(Gruber et al. 2009; Takahashi et al. 2009). For CH,4, CO, and N0, the ocean generally acts as a
source because they are supersaturated in surface waters with respect to the atmospheric
concentration (Conrad et al. 1982; Bange et al. 1994; Bange 2006). In the ocean, CO, production
and consumption mainly occur due to respiration and photosynthesis. Methanogenesis by
methanogenic archaea in anoxic environments using CO, or acetic acid as substrates and aerobic
oxidation by methanotrophic bacteria under the oxic condition are responsible for CH4 production
and consumption, respectively (e.g. Cicerone & Oremland 1988). CO is produced by the
photochemical degradation of chromophoric dissolved organic matter (CDOM) and consumed
aerobically by CO-oxidizing bacteria (Conrad et al. 1982; Zafiriou et al. 2003). Nitrifying and
denitrifying bacteria produce N,O as a by-product of hydroxylamine oxidation through nitrification
and as an intermediate between nitric oxide and molecular nitrogen through denitrification under
the oxic and anoxic conditions, respectively whereas denitrifying bacteria consume N,O through
denitrification in anoxic environments (e.g. Schropp & Schwarz 1983).

Interestingly, previous studies reported the enrichment of CDOM in the SML exposed to
the most intense solar radiation in the ocean (Table 1-1) (Carlson 1983; Obernosterer et al. 2008;
Wurl et al. 2009), which suggests active photochemical reactions in the SML by the
photodegradation of CDOM. Significantly higher bacterial abundance in the SML than in the SSW
was also reported (Table 1-1) (e.g. Kuznetsova et al. 2004; Stolle et al. 2010), suggesting active

biochemical reactions in the SML by bacteria. Further, anoxic processes are considered not to occur
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actively in the SML in contact with the atmosphere. Based on these facts, among GHGs above, CO,

an indirect GHG, is expected to be most actively produced and consumed in the SML.

1.5. Objectives

Temperate coastal waters are one of the most productive areas in the ocean, and the
seasonal patterns of vertical structure, chemical distribution, and biological productivity are clearly
observed in the water column. Sugai et al. (2016) conducted field investigation from May 2012 to
May 2013 at Station M (St. M, 120 m depth) in coastal waters of Sagami Bay, Japan (Fig. 1-2) and
showed the seasonal and vertical variations in chemical and biological parameters such as the
concentrations of dissolved organic carbon (DOC) and chlorophyll (chl.) a as well as seawater
density (ot). Thermal stratification developed from spring (May) 2012 to autumn (October) and
during spring (April-May) 2013, and the water column was vertically well-mixed from autumn
(November) to spring (March) 2013 (Fig. 1-3a). DOC concentration increased in surface waters
during spring (May) 2012 and summer (August) (Fig. 1-3b) when or after phytoplankton blooms
occurred during spring (May) 2012 and summer (July) (Fig. 1-3c). These seasonal events observed
in the water column are also expected in the SML, and the enrichment of organic matter and
microorganisms in the SML may also show seasonality in temperate coastal waters. However, most
of the previous studies of the SML have been conducted by opportunistic samplings (Table 1-1),
and the annual variations in chemical and biological parameters in the SML have never been
investigated. Time-series investigation at the same sampling station will provide information on
dynamic and complex temporal interactions in the SML (Cunliffe et al. 2013). Further, since the
sampling of the SML takes much time and the sample volume of the SML is limited, relationships
between parameters in the SML have remained unrevealed.

Therefore, the objective of the present study was to clarify the enrichment of organic

matter and microorganisms in the SML of temperate coastal waters and its roles in air-sea gas



exchange. First, the seasonal variations in organic matter concentration and microbial abundance
and relationships between parameters in the SML were investigated by a two-year, monthly field
survey (Chapter 2). Then, a one-year, monthly field survey and incubation experiments were
conducted to investigate the seasonality of CO production and consumption in the SML and to
evaluate their significance in air-sea CO exchange (Chapter 3). The changes in CO production and
consumption rates in the SML by the increase in water temperature were also examined to assess
feedback on global warming in Chapter 3. Finally, the biogeochemical roles of the SML in
temperate coastal waters and air-sea gas exchange considering gas dynamics and organic matter

accumulation in the SML are discussed (Chapter 4).



Table 1-1. Mean enrichment factors (EF) of organic matter and microorganisms reported by previous and the present studies. SML.:
surface microlayer, DOC: dissolved organic carbon, CDOM: chromophoric dissolved organic matter, POC: particulate organic carbon,
TEP: transparent exopolymer particles, Chl a: chlorophyll a, ANF: autotrophic nanoflagellates, Bac: bacteria, HNF: heterotrophic
nanoflagellates, Ref: references, NA: not available, MS: mesh screen, GP: glass plate, PF: polycarbonate filter. Modified from Sugai et al.
(2018)

Study area Study period SML EF Ref
(No. of sampling station) (No. of sampling time) sampling DOC CDOM POC TEP Chla ANF Bac HNF
North Atlantic (Block Island—Azores Islands) (9) Jul-Aug 1975 (9) MS 1.6 1.4 a
Palo Alto Salt Marsh, USA (1) May 1978 (10) MS 1.7 b
Damariscotta River Estuary, USA (NA) May 1978-Sep 1980 (NA) GP 1.3 1.5 101 c
Sequim Bay, USA (1) Feb-Jul 1983 (5) PF 1.8 d
East Coast of Isla Cedros, Mexico (2) Nov 1983 (2) MS 1.2 3.5 1.0 1.4 e
NW Mediterranean Sea, France & Spain (2) Mar 2001-Jul 2002 (8) MS 1.8 1.1 5.4 f
NW Atlantic (Woods Hole-Sargasso Sea) (16) Jun 2001 (16) MS 1.4 g
NW Mediterranean Sea, France & Spain (2) Mar—Sep 2001 (4) MS 1.0 1.4 2.0 h
Bay of Banyuls-sur-Mer, France (1) May—Jul 2003 (3) MS 1.3 14.0 1.2 2.7 i
Bay of Banyuls-sur-Mer, France (1) Mar 2001-Jul 2002 (4) MS 1.3 3.7 1.1 3.7 j
South Pacific (West of Marquise Islands) (1) Oct 2004 (1) MS 0.9 1.9 1.9 1.2 1.2 1.0 1.8 k
Western Mediterranean Sea (Algerian basin) (11) Sep-Oct 2003 (11) GP 1.8 1.1 |
Singapore Strait, Singapore (8) Jan—May 2007 (22) GP 1.3 1.3 m
Santa Barbara Channel, USA (1) Sep 2008 (26) GP 1.6 1.7 n
SW Baltic Sea, Germany (1) May 2008 (4) GP 1.1 13.9 2.1 0
NE Pacific, Offshore Hawaii, and Canadian Arctic (non-slick) (14) Jun—Oct 2009 (14) GP 2.0 p
NE Pacific and Offshore Hawaii (slick) (3) Jun—Aug 2009 (3) GP 10.5 p
West Coast of Bidong Island, Malaysia (1) Jun 2011 (3) MS 1.2 7.1 188 6.0 226 q
Central Arctic (ice edge) (8) Aug-Sep 2012 (8) GP 1.2 1.1 1.0 r
NE Pacific, NW South China Sea, and SW Baltic Sea (non-slick) (44) Jan-Sep 2013 (44) GP 1.2 2.3 1.6 1.2 S
NE Pacific, NW South China Sea, and SW Baltic Sea (slick) (16) Jan—-Sep 2013 (16) GP 2.0 428 125 2.8 S
Sagami Bay, Japan (1) Sep 2013-Sep 2015 (23) * MS 1.2 1.4 2.0 1.4 15 2.9 1.6 4.0 t
Sagami Bay, Japan (1) Apr 2014 (1) MS 4.8 4.2 7.0 6.1 7.4 40.8 7.8 37.0 t
Sagami Bay, Japan (1) May 2015 (1) MS 2.9 3.2 3.1 3.0 3.9 4.6 6.9 4.7 t

a: Sieburth et al. (1976), b: Harvey & Young (1980), c: Carlson (1983), d: Hardy & Apts (1984), e: Carlucci et al. (1986), f: Agogué et al. (2004), g:
Kuznetsova et al. (2004), h: Momzikoff et al. (2004), i: Obernosterer et al. (2005), j: Joux et al. (2006), k: Obernosterer et al. (2008), I: Reinthaler et al. (2008),
m: Wurl & Holmes (2008), n: Wurl et al. (2009), o: Stolle et al. (2010), p: Wurl et al. (2011b), g: Nakajima et al. (2013), r: Galgani et al. (2016), s: Wurl et al.
(2016), t: Present study, *: during the study period except in April 2014 and May 2015
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Chapter 2
Seasonal Variation in the Enrichment of Organic Matter and Microorganisms

in SML

2.1. Introduction

Most of the previous studies of the SML reported significantly higher organic matter
concentration and microbial abundance in the SML than in the SSW of various ocean areas (e.g.
Carlson 1983; Obernosterer et al. 2005; Joux et al. 2006; Wurl & Holmes 2008) (Table 1-1). The
enrichment of organic matter and microorganisms in the SML results from higher production in the
SML than in the SSW and/or upward transport in the water column through passive adsorption on
rising bubbles and buoyant particles (Liss & Duce 1997).

Wurl & Holmes (2008) reported significant enrichment of transparent exopolymer particles
(TEPSs), known as buoyant particles, in the SML. Since then, the accumulation of TEPs in the SML
has been considered as a process which enhances the enrichment of organic matter and
microorganisms there and contributes to the formation of the SML (Cunliffe & Murrell 2009). TEPs
are one of the most ubiquitous gelatinous particles in the ocean and operationally defined as the
particles of acidic polysaccharides stainable with alcian blue solution (Alldredge et al. 1993).
Previous studies showed that TEPs rapidly form aggregates with organic particles and microbial
cells through passive adsorption on their sticky surface (Alldredge et al. 1993; Passow & Alldredge
1994; Mari & Kigrboe 1996; Verdugo et al. 2004). Interestingly, Azetsu-Scott & Passow (2004)
experimentally demonstrated that TEP aggregates ascend in the water column due to low density of
TEPs. These studies suggest that the enrichment of organic matter and microorganisms in the SML
is enhanced by that of TEPs through the upward transport of TEP aggregates in the water column.
Further, once gel-like particles, TEPs, accumulate in the SML, the viscosity of the SML may

increase, probably resulting in the formation of the physically stable SML which is not easily
13



disrupted by wind-induced waves. Indeed, the biofilm-like properties of the SML with high EFs of
both TEP concentration (12.5) and microbial abundance (2.8 for bacterial abundance) were
observed in visible slick areas (Wurl et al. 2016). However, relationships between the enrichment of
TEPs and other parameters in the SML have never been reported.

In the water column, TEPs are mainly formed abiotically by the spontaneous coagulation
of dissolved precursors released by phytoplankton (Myklestad 1995; Chin et al. 1998; Zhou et al.
1998; Passow 2000), and the peaks of TEP concentration are generally associated with
phytoplankton blooms (Passow & Alldredge 1994; Mari & Kigrboe 1996; Mari & Burd 1998;
Passow et al. 2001). Thus, in temperate coastal waters where phytoplankton blooms are seasonally
observed in the water column (Sugai et al. 2016), the amount of TEP aggregates transported upward
and the subsequent enrichment of organic matter and microorganisms in the SML may also show
seasonality, and high enrichment in the SML is expected during phytoplankton blooms. Therefore,
Chapter 2 aimed to clarify the seasonal variation in the enrichment of organic matter and
microorganisms and relationships between chemical and biological parameters in the SML of

temperate coastal waters.

2.2. Materials and Methods
2.2.1. Study area

This study was conducted at St. M (35°09'45"N, 139°10'00"E) located 2 km northeast off
the Manazuru Peninsula, in coastal waters of Sagami Bay, Japan (Fig. 1-2). Sagami Bay is on the
southern coast of the central Japan and faces the northwest Pacific Ocean. About 20 rivers flow into
Sagami Bay, and low-salinity water mass is often formed in nearshore areas. St. M is approximately
11 and 25 km far from the mouth of two large rivers, the Sakawa River and the Sagami River,
respectively. Sagami Bay is considered as one of the representative temperate coastal waters where

the hydrographic conditions of the water column change seasonally (Ara et al. 2011; Kuwahara et al.
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2015), and physical, chemical, and biological environments have been intensively investigated in

Sagami Bay (e.g. Kuwahara et al. 2000; Fujiki et al. 2004; Shimode et al. 2006; Sugai et al. 2016).

2.2.2. Samplings

Surveys were carried out monthly for two consecutive years from September 2013 to
September 2015 on the R/V “Tachibana” of the Manazuru Marine Center for Environmental
Research and Education (MMCER), Yokohama National University. Surface seawater for water
temperature and salinity was collected using a bucket. Water temperature was measured with a
mercury thermometer immediately after a bucket was recovered on the deck, and salinity was
measured with an inductive salinometer (601 Mk IV, Yeo-Kal Electronics) within an hour in a
laboratory.

SML samples were collected at the bow of the research vessel (12 m long) on the leeward
side using a nylon mesh screen to collect organic matter and microorganisms with a wide range of
size effectively and to collect a large amount of seawater over a relatively short period of time
(Garrett 1965; Agogué et al. 2004; Momzikoff et al. 2004). Nylon mesh was used to avoid sample
contamination due to the elution of metals and stretched over a 60 x 80 cm plastic frame. Nylon
diameter (430 um) and mesh size (1.25 mm) were determined based on Agogué et al. (2004) and
Momzikoff et al. (2004). The mesh screen was lowered vertically through the ocean surface about 2
m away from the research vessel to collect the natural SML which is not disrupted, raised
horizontally through the ocean surface, and tilted to drain SML samples into a 2-L polypropylene
bottle. The first 100 mL of seawater draining from the mesh screen was discarded to remove
seawater adhering to a plastic frame (Obernosterer et al. 2005; Nakajima et al. 2013). To collect 2-L
SML samples, approximately 20-25 dips were performed within 1.5 hours. The thickness of the
SML collected by the mesh screen was calculated to be 380 £ 9 um according to Cunliffe & Wurl

(2014). SSW samples were taken at 0.5 m depth using a horizontal Niskin bottle and collected in a
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5-L polypropylene bottle. Seawater samples except for the analysis of TEPs were pre-filtered
through 180-um nylon mesh to remove large plankton and debris and brought back to a laboratory
within an hour.

Wind speed data were obtained from the Japan Meteorological Agency at the Odawara
Office (35°16°36”N, 139°09°18”E) (Japan Meteorological Agency 2015) located less than 15 km

away from St. M.

2.2.3. Analytical methods

Triplicate subsamples for the analysis of inorganic nutrients were filtered through 0.45-um
pore size filters (Millex-HA, Merck), and the filtrate was stored at —20°C in 10-mL polyethylene
tubes until analysis. Nitrate (NOs), ammonium (NH,4), phosphate (PO,), and silicate (SiO,)
concentrations were measured according to Parsons et al. (1984) using a two-channel nutrient
autoanalyzer (SWAAT, BL TEC). The detection limit of NO3, NH,4, PO4, and SiO, concentrations
were 0.03, 0.04, 0.02, and 0.08 uM, respectively.

Triplicate subsamples for the analysis of DOC were filtered through 0.22-pum pore size
filters (Millex-GV, Merck) following Servais et al. (1989). The filtrate was transferred to 10-mL
pre-combusted (450°C, 4 h) glass ampoules, which were immediately heat-sealed with a burner and
frozen at —20°C until analysis. After the filtrate was acidified by hydrochloric acid (HCI) and
sparged, DOC concentration was measured as non-purgeable organic carbon by a high temperature
(680°C) Pt catalyst oxidation method using a total organic carbon analyzer (TOC-Vcsy, Shimadzu)
equipped with a non-dispersive infrared detector as described by Ogawa et al. (2003). Potassium
hydrogen phthalate (Wako) was used as a standard, and detection limit was 0.001 mgC L
Triplicate subsamples for the analysis of CDOM were filtered through 0.22-um pore size filters
(Millex-GV, Merck) under the dark condition, and the filtrate was preserved at —20°C in 50-mL

polyethylene bottles until analysis. Spectral absorbance was measured using a single-beam
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UV-visible spectrophotometer (UV-2450, Shimadzu) with 10-cm pathlength quartz cells referenced
against Milli-Q water. Spectral scan was performed from 250 to 850 nm, and baseline for each
spectrum was corrected by absorbance at 700-800 nm (Green & Blough 1994). The absorption
coefficient of CDOM at wavelength A (acpom [A]) was determined by

acpom (1) =2.303D (1) I'*
where D (1) is absorbance at wavelength 4 and | is the pathlength of quartz cells.

Triplicate subsamples of 100-400 mL for the analysis of particulate organic carbon (POC)
were filtered on pre-combusted (450°C, 4 h) Whatman GF/F filters (GE Healthcare Life Sciences),
and the filters were treated with HCI for 2 h to remove inorganic carbon, dried in a dry oven at 60°C
for 12 h, and stored in a desiccator until analysis. POC concentration was measured using an
organic elemental analyzer (Flash 2000, Thermo Scientific). Acetanilide (Wako) was used as a
standard, and detection limit was 0.006 mgC L™ TEP concentration was determined
colorimetrically by a dye-binding assay according to Passow & Alldredge (1995) and Engel (2009).
Triplicate subsamples of 20-80 mL were filtered on 0.4-um pore size polycarbonate filters
(Nuclepore Track-Etch Membrane Black, GE Healthcare Life Sciences) under low (< 20 kPa),
constant vacuum. The filters were stained with 500 pL of 0.02% (w/v) alcian blue solution, rinsed
twice with 1 mL of Milli-Q water, and frozen at —20°C until analysis. After the filters were soaked
in 6 mL of 80% (v/v) sulfuric acid (H,SO,) for 3 h to dissolve dye, the absorbance of H,SO,4
solution at 787 nm was measured using a single-beam UV-visible spectrophotometer (UV-2450,
Shimadzu) with 1-cm pathlength quartz cells referenced against Milli-Q water. TEP concentration
was expressed in the milligrams of Xanthan Gum (Sigma-Aldrich), a standard, equivalent per liter
(Mg Xeq L. Detection limit was 0.04 mg Xeq L™

Triplicate subsamples of 50-200 mL for the analysis of chl. a were filtered on Whatman
GF/F filters (GE Healthcare Life Sciences), and the filters were preserved at —20°C in 20-mL glass

vials pre-filled with 5 mL of N,N-dimethylformanide to extract chl. a pigment following Suzuki &
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Ishimaru (1990). Chl. a concentration was measured fluorometrically using a fluorometer (10AU,
Turner Design) as described by Welschmeyer (1994).

Subsamples for the analysis of bacteria were fixed with the buffered and pre-filtered (<
0.22 um) formaldehyde (2% final concentration) and stored at —20°C in 10-mL polypropylene tubes
until analysis. The subsamples were stained with a nucleic acid stain (SYBR Gold, Invitrogen) and
filtered on 0.2-um pore size polycarbonate filters (Nuclepore Track-Etch Membrane Black, GE
Healthcare Life Sciences) according to Shibata et al. (2006). For each filter, at least 20 microscopic
fields were examined, and more than 400 cells were counted at x 1000 magnification using an
epifluorescence microscope (Axioskop 2 plus, Zeiss). Subsamples for the analyses of autotrophic
and heterotrophic nanoflagellates (ANFs and HNFs, respectively) were fixed with glutaraldehyde
(1 % final concentration) and preserved at 4°C in 100-mL polyethylene bottles until analysis. The
subsamples were filtered on 0.8-um pore size polycarbonate filters (Nuclepore Track-Etch
Membrane Black, GE Healthcare Life Sciences) and stained with primulin (Sigma-Aldrich) as
described by Sherr et al. (1993). More than 50 cells on each filter were enumerated at x 1000
magnification using the epifluorescence microscope. ANFs were distinguished from HNFs by the

presence of autofluorescence signals, and mixotrophic nanoflagellates were counted as ANFs.

2.2.4. Data analysis

EFs were calculated as the ratio of values in the SML to those in the SSW (e.g. Sieburth et
al. 1976; Harvey & Young 1980), and EFs more than and less than one mean enrichment and
depletion in the SML, respectively. Values more than the third quartile + 1.5 x interquartile range
(IQR) and less than the first quartile — 1.5 x IQR are regarded as outliers. Wilcoxon signed-rank test
was conducted using the monthly medians of each parameter in the SML and SSW, and correlation
analysis was performed using Pearson’s correlation coefficient. Probability less than 0.05 (p < 0.05)

was considered significant in all statistical analyses. Principal component analysis (PCA) was
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conducted to show the seasonal variations in all chemical and biological parameters in the SML and

SSW.

2.3. Results
2.3.1. Physical and meteorological parameters

Surface water temperature gradually decreased from 26.1°C in September 2013 to 13.0°C
in March 2014 and increased to 24.8°C in August 2014 (Fig. 2-1a). From August 2014 to September
2015, water temperature showed a similar variation. Surface salinity was relatively high (> 33.0)
during the study period except in October 2013 (30.6), June 2014 (32.6), July 2014 (32.3), October
2014 (32.4), July 2015 (30.4), and September 2015 (32.0) (Fig. 2-1b). Relatively low mean wind
speed during samplings (< 3.3 m s ') was observed during the study period except in April 2014
(3.8 m s!), May 2014 (4.0 m s ™), December 2014 (5.4 m s ), and March 2015 (7.3 m s %) (Fig.

2-1c).

2.3.2. Chemical and biological parameters in SML and SSW

NO;3 concentration ranged from under the detection limit to 14.4 uM in the SML and from
under the detection limit to 13.2 pM in the SSW (Fig. 2-2a). During the study period, NOj3
concentration in the SML (median: 3.04 uM) was slightly but significantly higher compared to the
SSW (2.27 uM) (p < 0.001). NH4 concentration varied between 0.46 uM and 4.69 uM in the SML
and between 0.46 uM and 2.72 uM in the SSW (Fig. 2-2b). No significant difference was observed
between NH, concentration in the SML (1.10 puM) and in the SSW (0.88 uM) during the study
period (p = 0.07). PO4 concentration fluctuated from 0.02 uM to 0.74 uM in the SML and from 0.02
MM to 0.69 UM in the SSW (Fig. 2-2c). PO, concentration in the SML (0.19 pM) showed
significantly higher values compared to the SSW (0.14 uM) during the study period (p < 0.01). SiO,

concentration ranged between 2.56 uM and 39.6 uM in the SML and between 1.28 uM and 37.0
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MM in the SSW (Fig. 2-2d). During the study period, significantly lower SiO, concentration was
observed in the SML (10.9 uM) than in the SSW (11.2 uM) (p < 0.05).

DOC concentration was relatively high in April 2014 (6.60 mgC L ™), May 2014 (3.36
mgC L ™), and May 2015 (6.29 mgC L) in the SML and in June 2014 (1.67 mgC L) and May
2015 (2.18 mgC L ™) in the SSW (Fig. 2-3a). Significantly higher DOC concentration was observed
in the SML (1.20 mgC L) than in the SSW (1.11 mgC L™) (p < 0.001). acpom (320) showed
relatively high values in April 2014 (1.72 m ) and May 2015 (3.08 m %) in the SML and in May
2015 (0.96 m™*) and July 2015 (0.92 m™?) in the SSW (Fig. 2-3b). acoom (320) in the SML (0.45
m ) was significantly higher compared to the SSW (0.36 m™) (p < 0.001).

POC concentration was relatively high in April 2014 (5.17 mgC L ™), May 2015 (1.98 mgC
L), June 2015 (1.60 mgC L), and September 2015 (1.11 mgC L ™) in the SML and in April 2014
(0.74 mgC L), May 2015 (0.64 mgC L™), July 2015 (0.63 mgC L ™), and September 2015 (0.67
mgC L) in the SSW (Fig. 2-4a). Significantly higher POC concentration was observed in the SML
(0.50 mgC L™) than in the SSW (0.27 mgC L™) (p < 0.001). TEP concentration showed relatively
high values in April 2014 and May 2015 in the SML (5.44 mg Xeq L and 2.11 mg Xeq LY,
respectively) and SSW (0.89 mg Xq L and 0.71 mg Xeq L, respectively) (Fig. 2-4b). TEP
concentration in the SML (0.32 mg Xeq L") was significantly higher compared to the SSW (0.26
mg Xeq L) (p < 0.001).

Chl. a concentration was relatively high in April 2014 (129 pug L ™), May 2015 (31.4 pg
L), and June 2015 (25.9 pg L) in the SML and in September 2013 (8.82 pg L), March 2014
(9.34 ug L), April 2014 (17.5 pg L™), February 2015 (11.8 ug L), May 2015 (7.99 pg L™), and
September 2015 (10.5 pg L™) in the SSW (Fig. 2-5a). Significantly higher chl. a concentration was
observed in the SML (3.67 pg L™?) than in the SSW (3.25 ug L™) (p < 0.05). ANF abundance
showed relatively high values in April 2014 (46.3 x 10° cells L™), May 2015 (25.5 x 10° cells L™),

June 2015 (17.4 x 10° cells L ™%), and September 2015 (21.0 x 10° cells L ™) in the SML and in July
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2014 (5.48 x 10° cells L), May 2015 (5.48 x 10° cells L), and September 2015 (8.51 x 10° cells
L) in the SSW (Fig. 2-5b). ANF abundance in the SML (4.33 x 10° cells L™%) was significantly
higher compared to the SSW (1.35 x 10° cells L) (p < 0.001).

Bacterial abundance was relatively high in April 2014 (16.1 x 10° cells L), July 2014
(6.56 x 10° cells L), May 2015 (10.4 x 10° cells L ™), and September 2015 (4.97 x 10° cells L ™) in
the SML and in July 2014 (5.41x 10° cells L™Y) in the SSW (Fig. 2-6a). Significantly higher
bacterial abundance was observed in the SML (2.52 x 10° cells L™) than in the SSW (1.33 x 10°
cells L) (p < 0.001). HNF abundance showed relatively high values in April 2014 (69.9 x 10° cells
L), May 2015 (24.0 x 10° cells L), and September 2015 (21.6 x 10° cells L™%) in the SML and in
July 2014 (4.73 x 10° cells L), September 2014 (6.05 x 10° cells L™%), May 2015 (5.10 x 10° cells
L), and September 2015 (6.62 x 10° cells L) in the SSW (Fig. 2-6b). HNF abundance in the
SML (6.50 x 10° cells L) was significantly higher compared to the SSW (1.83 x 10° cells L ™) (p
< 0.001).

The median EF of POC concentration (1.77) was higher than those of TEP concentration
(1.38), acpom (320) (1.37), and DOC concentration (1.20), and the median EFs of HNF abundance
(3.13) and ANF abundance (2.83) were higher than those of bacterial abundance (1.54) and chl. a
concentration (1.25) (Fig. 2-7). In April 2014 and May 2015, the EFs of all parameters except POC
concentration, ANF abundance, and HNF abundance in May 2015 were particularly high and
regarded as outliers. EFs in April 2014 ranged from 4.18 (acpom [320]) to 40.8 (ANF) and higher

than those in May 2015 which varied between 2.89 (DOC) and 6.95 (bacterial abundance).

2.3.3. Principal component analysis
Principal component 1 (PC1) (60.4%) and 2 (PC2) (19.1%) explained 79.5% of the
variances in chemical and biological parameters in the SML and SSW (Fig. 2-8a). In April 2014 and

May 2015, SML samples showed particularly high positive values on PC1 (15.1 and 8.46,
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respectively) and moderate positive values on PC2 (1.47 and 1.31, respectively). For SML samples
except in April 2014 and May 2015 and SSW samples, relatively low values on PC1 (from —1.77 to
2.37) and a wide range of values on PC2 (from —1.85 to 3.58) were observed. SML samples in April
2014 and May 2015 were mainly characterized by particularly high concentration of organic matter
and abundance of microorganisms and moderate concentrations of inorganic nutrients whereas SML
samples except in April 2014 and May 2015 and SSW samples were characterized by relatively low
organic matter concentration and microbial abundance and the variations in inorganic nutrient

concentrations (Fig. 2-8b).

2.3.4. Relationships between parameters

Each chemical and biological parameter in the SML showed a significant positive
correlation with that in the SSW during the study period except in April 2014 and May 2015 (Fig.
2-9, Fig. 2-10, Fig. 2-11). In April 2014, all parameters except NOs (Fig. 2-9a), NH4 (Fig. 2-9b),
and SiO; concentrations (Fig. 2-9d) in the SML were particularly higher compared to the SSW. In
May 2015, particularly higher values in the SML were observed compared to the SSW for all
parameters except SiO, concentration (Fig. 2-9d), POC concentration (Fig. 2-10c), ANF abundance
(Fig. 2-11c), and HNF abundance (Fig. 2-11d).

No significant relationship was observed between mean wind speed during samplings and
the EFs of organic matter concentration or microbial abundance during the study period except in
April 2014 and May 2015. During the period, the EF of TEP concentration was significantly
positively correlated with not DOC concentration (p = 0.52) (Fig. 2-12a), acpom (320) (p = 0.20)
(Fig. 2-12b), POC concentration (p = 0.09) (Fig. 2-12c¢), ANF abundance (p = 0.19) (Fig. 2-13Db),
bacterial abundance (p = 0.14) (Fig. 2-13c), and HNF abundance (p = 0.41) (Fig. 2-13d) but only

chl. a concentration (r = 0.469, n = 23, p < 0.05) (Fig. 2-13a).
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2.4. Discussion
2.4.1. Enrichment in SML except in April 2014 and May 2015

The mean EFs of organic matter concentration and microbial abundance during the study
period except in April 2014 and May 2015 were within ranges reported by previous studies (Table
1-1). During the period, each chemical and biological parameter in the SML was significantly
positively correlated with that in the SSW (Fig. 2-9, Fig. 2-10, Fig. 2-11), which shows that the
seasonal variations in parameters in the SML were similar with those in the SSW. In the present
study, during the study period except in April 2014 and May 2015, no significant relationship was
observed between mean wind speed during samplings and the EFs of chemical and biological
parameters. The insignificant relationships may be because wind speed at St. M and at the Odawara
Office (the Japan Meteorological Agency) is different due to distance between the two sites (15
km).

In the water column, high TEP concentration is generally associated with phytoplankton
blooms, and the relationship between chl. a (x) and TEP concentrations (y) can be fitted to y = a x"
(Passow 2002). In the present study, the following regression formulae were obtained: y = 231 x %%
(f* = 0531, n = 23, p < 0.001) in the SML during the study period except in April 2014 and May
2015 and y = 188 x > (12 = 0.544, n = 25, p < 0.001) in the SSW during the study period (Fig.
2-14). The exponent, b, of the regression formulae (0.292 and 0.356) is comparable to that in
Bransfield Strait (0.317) (Corzo et al. 2005) and in Singapore Strait and Johor Strait (0.35) (Wurl &
Holmes 2008) but considerably less than one. This result indicates the decrease in TEP production
rate and/or the increase in TEP consumption rate as phytoplankton abundance increases, which is in
agreement with the hypothesis that TEP production rate is a function of the growth rate rather than
the abundance of phytoplankton (Waite et al. 1995; Engel et al. 2002).

To reveal whether or not the enrichment of TEPs in the SML enhances that of organic

matter and microorganisms through the upward transport of TEPs in the water column forming
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aggregates with organic particles and microbial cells, the relationships between the EFs of TEP
concentration and those of organic matter concentration (Fig. 2-12) or microbial abundance (Fig.
2-13) were examined. However, no significant relationship was observed between them except the
relationship between the EFs of the concentrations of TEPs and chl. a (Fig. 2-13a) during the study
period except in April 2014 and May 2015. A significant positive correlation between the EFs of
TEP and chl. a concentrations can result from the formation of TEPs through the extracellular
release of TEP precursors by phytoplankton (Myklestad 1995; Chin et al. 1998; Zhou et al. 1998;
Passow 2000) as well as the accumulation of phytoplankton in the SML due to that of TEP
aggregates, which is supported by significant positive relationships between chl. a and TEP
concentrations both in the SML and SSW (Fig. 2-14). These results suggest that the enrichment of
organic matter and microorganisms in the SML is not enhanced by that of TEPs in temperate coastal
waters. Organic matter and microorganisms were enriched in the SML probably due to a
combination of higher production in the SML and passive adsorption on rising bubbles and buoyant

particles (Liss & Duce 1997).

2.4.2. Enrichment in SML in April 2014 and May 2015

The EFs of organic matter concentration and microbial abundance except POC
concentration, ANF abundance, and HNF abundance in May 2015 were particularly high during
spring (in April 2014 and May 2015), which are comparable to those reported by Wurl et al. (2011b),
Nakajima et al. (2013), and Wurl et al. (2016) (Table 1-1). This result clearly showed the
seasonality of the enrichment of organic matter and microorganisms in the SML of temperate
coastal waters.

Whether TEP aggregates ascend or sink in the water column depends on the density and
the relative proportions of TEPs (positively buoyant) and solid particles (negatively buoyant) in the

aggregates (Azetsu-Scott & Passow 2004). Wurl et al. (2011b) examined the ratio of TEP to POC
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concentrations (TEP/POC ratio) using POC as an indicator of the amount of solid particles. They
found high TEP/POC ratio in the water column, which possibly means relatively high proportion of
TEPs compared to solid particles in TEP aggregates, and showed the possibility of the upward
transport of the TEP aggregates in the water column. However, in the present study, TEP/POC ratio
in the SSW was not high in April 2014 (1.20 mg Xe; mgC™) and May 2015 (1.10 mg Xeq mgC ™)
compared to the other months (1.09 + 0.59 mg Xeq mgC™) (Fig. 2-15). This result indicates that
particularly high enrichment of organic matter and microorganisms in the SML in April 2014 and
May 2015 was due to particularly high production in the SML rather than the upward transport of
TEP aggregates in the water column. Interestingly, in April 2014 and May 2015, relatively high PO,
concentration, which is enough to relieve the P limitation of phytoplankton, was observed in the
SML (0.61 uM and 0.52 uM, respectively) despite relatively low values in the SSW (0.02 uM and
0.05 puM, respectively) (Fig. 2-9¢). In coastal waters of Sagami Bay, Fujiki et al. (2004) measured
the in situ concentration of inorganic nutrients in every two days and conducted bioassay
experiments by adding inorganic nutrients to surface seawater in every eight days from spring to
summer. Their study indicated that phytoplankton growth is limited by the lack of PO, in surface
waters of coastal Sagami Bay during the period as reported in estuaries and coastal areas where a
larger amount of N than P is supplied by freshwater inflow (Harrison et al. 1990; Turner et al. 1990;
Thingstad et al. 1998; Labry et al. 2002). In the present study, although bioassay experiments were
not conducted, the possible limitation of phytoplankton growth by the lack of inorganic nutrients
can be assessed by a combination of inorganic nutrient concentrations and ratios (PO, limitation if
PO, concentration < 0.2 uM, dissolved inorganic nitrogen [DIN]/PO, ratio > 20, SiO,/PO, ratio >
20) determined based on the concentrations less than half-saturation constant for uptake) (Dortch &
Whitledge 1992; Justi¢ et al. 1995). In the SSW, PO, concentration, DIN/POy ratio, and SiO,/PO4
ratio were 0.02 pM, 39.2, and 374 in April 2014 and 0.05 pM, 41.1, and 26.6 in May 2015,

respectively (Fig. 2-2), which indicates that phytoplankton growth was limited by PO,
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unavailability in surface waters in April 2014 and May 2015. Because chl. a concentration in the
SML particularly increased in April 2014 (129 pg L) and May 2015 (31.4 pg L) (Fig. 2-5a),
these results suggest that the production of organic matter and microorganisms in the SML was
particularly high in April 2014 and May 2015 due to phytoplankton blooms there induced by the
supply of PO,. Possibly, PO, was externally supplied by freshwater inflow because heavy
precipitation was observed eight days and 11 days before the sampling day in April 2014 (51.5 mm)
and May 2015 (38.5 mm), respectively (Japan Meteorological Agency 2015), although salinity in
the SML was not measured in the present study. PO, may have been also supplied by the
atmospheric deposition of anthropogenic materials on the ocean surface, which can be a source of
PO, in surface waters of the coastal areas of the northwest Pacific Ocean (Zhang & Liu 1994),
because relatively high deposition flux of sulfate was observed six days and 11 days before the
sampling day in April 2014 (0.5-1 pg m 2 s*) and May 2015 (0.2-0.5 pg m 2 s%), respectively
(Kyushu University 2019). The present study suggests that chemical and biological parameters
show seasonality in the SML of temperate coastal waters depending on by the seasonal events of the
external supply of inorganic nutrients.

Particularly high enrichment of organic matter and microorganisms in the SML was
observed in April 2014 and May 2015 probably also because the viscous, stable SML was formed
due to the accumulation of TEPs (5.44 mg Xeq L and 2.11 mg Xeq L, respectively) (Fig. 2-4b)
without the disruption of the SML by wind-induced waves at wind speed of 3.8 ms*and 2.8 ms™,
respectively (Fig. 2-1c). The formation of the stable SML was indicated by Wurl & Holmes (2008)
who showed significant enrichment of the sulphate half-ester group (-OSO3") of TEPs in the SML.
Further, TEPs protect microorganisms from intense solar radiation (Ortega-Retuerta et al. 2009) and
provide microhabitats favorable for the growth of microorganisms (Wurl et al. 2016).

Interestingly, although all EFs of organic matter concentration and microbial abundance

particularly increased in April 2014, the enrichment of POC, ANF, and HNF was not particularly
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high in May 2015 (3.09, 4.65, and 4.70, respectively) (Fig. 2-7). This result probably shows the
difference between time periods from phytoplankton blooms to samplings and thus between the
extent of the development of microbial communities in the SML in April 2014 and May 2015. First,
because the dominance of Leptocylindrus spp. was observed in the SML both in April 2014 (75.1%)
and May 2015 (89.3%), the blooms of phytoplankton dominated by diatoms may have occurred in
the SML. Then, phytoplankton probably released organic matter extracellularly, which rapidly

stimulated bacterial growth, followed by the growth of flagellates and the increase in POC.

2.4.3. Difference in the enrichment of organic matter and microorganisms in SML

The median EFs of organic matter concentration and microbial abundance were largely
different (Fig. 2-7). The enrichment of POC in the SML (median EF: 1.77) was higher compared to
TEPs (1.38), CDOM (1.37), and DOC (1.20) as reported by previous studies (e.g. Carlucci et al.
1986; Stolle et al. 2010). This result was probably due to the formation of particles in the SML
promoted by the compression and dilation of the ocean surface (Wheeler 1975; Carlson 1993) and
the atmospheric deposition of aerosol particles on the ocean surface. Interestingly, higher EF of
acpom (320) than that of DOC concentration was observed despite more rapid removal of CDOM in
the SML under more intense solar radiation. Carlson (1983) and Obernosterer et al. (2008) also
reported the selective enrichment of CDOM in the SML, which may have resulted from more
effective adsorption of CDOM on rising bubbles and buoyant particles compared to low-molecular
weight (LMW) dissolved organic matter. Higher enrichment of CDOM in the SML even under
more intense light condition suggests the continuous supply of CDOM and active photochemical
reactions by the photodegradation of CDOM there.

The median EFs of HNF (3.13) and ANF abundance (2.83) were higher than those of
bacterial abundance (1.54) and chl. a concentration (1.25) as reported by previous studies (e.g.

Agogué et al. 2004; Obernosterer et al. 2005; Joux et al. 2006; Nakajima et al. 2013). Although UV
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radiation causes DNA damage and the production of reactive oxygen species, previous studies
reported that flagellates had higher resistance to UV radiation compared to bacteria and diatoms
(Buma et al. 2001; Wéngberg et al. 2008), which indicates adaptation by flagellates to the light
condition of the SML. The depletion of ciliates (EF: 0.63) was reported in the SML of temperate
coastal waters (Agogué et al. 2004), and lower abundance of the predators of flagellates in the SML
than in the SSW is possibly another reason although ciliate abundance was not measured in the
present study. Joux et al. (2006) and Nakajima et al. (2013) showed that the ratio of bacterial
abundance to HNF abundance (BA/HNFA ratio), an indicator of grazing pressure on bacteria by
HNFs (e.g. Gasol 1994; Lekunberri et al. 2012), was lower in the SML than in the SSW, which
indicates higher grazing pressure on bacteria in the SML. In the present study, significantly lower
BA/HNFA ratio in the SML (median: 281) was observed compared to the SSW (735) (p < 0.001).
This results indicates that lower EF of bacterial abundance than that of HNF abundance was due to
stronger top-down control on bacteria by HNFs in the SML. The lowest EF of chl. a concentration
among biological parameters probably resulted from a smaller amount of chl. a pigment per cell in
the SML than in the SSW under more intense light condition (Richardson et al. 1983; Geider 1987).
Further, Agogué et al. (2004) and Joux et al. (2006) showed higher EF of the concentration of
phaeophytin (9.97 and 9.2, respectively), a chlorophyll-degraded product, compared to chl. a
concentration (1.76 and 1.3, respectively), indicating more rapid photooxidation of chl. a in the
SML than in the SSW. These results suggest different chemical composition and microbial

community structure in the SML and SSW.
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Fig. 2-2. Monthly variations in (a) nitrate (NO;), (b) ammonium
(NH,), (c) phosphate (PO,), and (d) silicate (SiO,) in the surface
microlayer (closed circles) and subsurface water (open circles)
(Sugai et al. 2018)
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Fig. 2-3. Monthly variations in (a) dissolved organic carbon (DOC)
and (b) the absorption coefficient of chromophoric dissolved
organic matter at 320 nm (acpom [320]) in the surface microlayer
(closed circles) and subsurface water (open circles) (Sugai et al.
2018)
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Fig. 2-4. Monthly variations in (a) particulate organic carbon
(POC) and (b) transparent exopolymer particles (TEP) in the
surface microlayer (closed circles) and subsurface water (open
circles) (Sugai et al. 2018)
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Fig. 2-5. Monthly variations in (a) chlorophyll (chl.) a and (b)
autotrophic nanoflagellates (ANF) in the surface microlayer
(closed circles) and subsurface water (open circles) (Sugai et al.
2018)
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Fig. 2-6. Monthly variations in (a) bacteria and (b) heterotrophic

nanoflagellates (HNF) in the surface microlayer (closed circles)
and subsurface water (open circles) (Sugai et al. 2018)
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Fig. 2-10. Relationships between (a) dissolved organic carbon (DOC), (b) the absorption
coefficient of chromophoric dissolved organic matter at 320 nm (acpom [320]), (c) particulate
organic carbon (POC), and (d) transparent exopolymer particles (TEP) in the surface microlayer
(SML) and subsurface water (SSW). Closed black circles, closed gray circles, and open circles
represent April 2014, May 2015, and the other months, respectively. Relationships were
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figure
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(ANF), (c) bacteria, and (d) heterotrophic nanoflagellates (HNF) in the surface microlayer
(SML) and subsurface water (SSW). Closed black circles, closed gray circles, and open circles
represent April 2014, May 2015, and the other months, respectively. Relationships were
examined excluding data in April 2014 and May 2015. Insets show the magnified views of
each figure
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Chapter 3
Carbon Monoxide (CO) Production and Consumption in SML and Emission

to the Atmosphere

3.1. Introduction

Interestingly, in temperate coastal waters, CDOM was significantly enriched in the SML
exposed to the most intense solar radiation (Fig. 2-3b), which suggests active photochemical
reactions in the SML by the photodegradation of CDOM. Significant enrichment of bacteria in the
SML was also observed (Fig. 2-6a), suggesting active biochemical reactions in the SML by bacteria.
Based on these results, CO was expected to be most actively produced and consumed in the SML
among GHGs.

In the troposphere, CO is one of the dominant sinks of hydroxyl radical, a reactive oxygen
species with high oxidative capacity, and largely contributes to radiative forcing as an indirect GHG
through the change of the concentrations of GHGs including CH,4, halocarbons, and ozone (Logan
et al. 1981; Thompson & Cicerone 1986; Crutzen & Zimmermann 1991; Thompson 1992). Sea-air
CO flux (F) ranges over two orders of magnitude due to large temporal and spatial variations in
wind speed and CO concentration ([CO]) in the ocean and is estimated to be 3.7-600 Tg CO year ™,
which is equivalent to 0.30-77.9% of the total CO emission (770-1230 Tg CO year *) (Bates et al.
1995; Ehhalt & Prather 2001; Stubbins et al. 2006a; Yang et al. 2011). In addition to photochemical
production and biological consumption, CO is also lost by emission to the atmosphere in surface
waters (Conrad et al. 1982; Zafiriou et al. 2003). Although more intense solar radiation and the
enrichment of CDOM and bacteria suggest more active CO production and consumption in the
SML than in the SSW, which potentially changes apparent ky, and subsequently F, CO production
and consumption rates in the SML have not been investigated. Therefore, Chapter 3 aimed to

investigate the seasonal variations in the photochemical production and biological consumption
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rates of CO in the SML and evaluate the significance of CO production and consumption in the
SML in air-sea CO exchange by comparing them with emission to the atmosphere. Further, the
changes in CO production and consumption rates in the SML by the increase in water temperature

were assessed to clarify feedback on global warming.

3. 2. Materials and Methods
3.2.1. Study area and samplings

This study was conducted monthly from June 2017 to June 2018 at St. M in coastal waters
of Sagami Bay, Japan (Fig. 1-2). The details of the study area and samplings are described in
Chapter 2. Briefly, surveys were carried out on the R/V “Tachibana” of the MMCER, Yokohama
National University. Surface seawater was collected using a bucket, and water temperature and
salinity were measured with a mercury thermometer and an inductive salinometer (601 Mk 1V,
Yeo-Kal Electronics), respectively. The data of wind speed at 10 m height in Odawara (35°16°36” N,
139°09°18” E) located less than 15 km away from St. M were obtained from Japan Meteorological
Agency (2018). Solar irradiance was recorded every hour during the study period with a
pyranometer sensor (LI-200SA, LI-COR) placed on the roof of the MMCER located less than 2 km
away from St. M.

SML samples were collected from 9 a.m. to 11 a.m. (LT) in a 2-L polypropylene bottle
using a nylon mesh screen (nylon diameter: 430 um, mesh size: 1.25 mm) at the bow of the
research vessel on the leeward side (Garrett 1965; Agogué et al. 2004; Momzikoff et al. 2004).
Compared to a glass plate, SML samples collected by a mesh screen have a smaller unavoidable CO
loss during samplings and a smaller variation in the thickness of the SML (Yang et al. 2001). The
nylon mesh screen collected 380 = 9 um of the SML. Immediately after the 2-L bottle was filled,
seawater was gently transferred to 50-mL glass tubes with glass stopcocks at both ends and 200-mL

quartz bottles using a Teflon tube. SSW samples were taken at 0.5 m depth using a horizontal
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Niskin bottle, and seawater was collected in a 5-L polypropylene bottle and gently drawn to the
glass tubes and quartz bottles. Caution was taken to expose all materials such as the glass tubes and
quartz bottles to a minimum amount of light in all procedures, and the glass tubes and quartz bottles
were confirmed not to contain air bubbles after threefold volume of overflow. Seawater samples
were brought back to a laboratory within 1 h.

After HgCl, solution (0.5 mM final concentration) was added, the glass tubes were stored
at 4°C under the dark condition for a few days until analysis (Ohta et al. 2000; Nakagawa et al.
2004). The quartz bottles were used for incubation experiments to estimate the photochemical
production and biological consumption rates of CO. For photochemical CO production rate, after
HgCl, solution (0.5 mM final concentration) was added to stop bacterial activity, the quartz bottles
were incubated for 2-8 h under the in situ water temperature and light conditions. Seawater in the
quartz bottles was gently drawn to the glass tubes using a Teflon tube and preserved as described
above. For biological CO consumption rate, the quartz bottles were incubated for 4-12 h under the
in situ water temperature and dark light conditions without the addition of HgCl, solution (e.g. Xie
et al. 2005). Seawater in the quartz bottles was gently drawn to the glass tubes and stored as

described above after the addition of HgCl, solution (0.5 mM final concentration).

3.2.2. Seawater warming experiments

During autumn (November 2017), winter (February 2018), spring (May 2018), and
summer (August 2018), SML samples were collected in coastal waters of Sagami Bay, Japan. To
evaluate the effect of water temperature increase on CO production and consumption at the ocean
surface, CO production and consumption rates in the SML were estimated as described above
except for the conditions of water temperature. The quarts bottles were incubated at 3°C higher
(21.3°C, 18.5°C, 23.5°C, and 31.4°C, respectively) (the + 3°C condition) and the in situ water

temperature (18.3°C, 15.5°C, 20.5°C, and 28.4°C, respectively) (the control condition) during
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autumn, winter, spring, and summer since the increase in global mean sea surface temperature by
more than 3°C is estimated at the end of the 21st century relative to 1986-2005 in the RCP 8.5

scenario (Kirtman & Power 2013).

3.2.3. Analytical methods

The details of the analyses of CDOM, chl. a, and bacteria are described in Chapter 2.
Briefly, for the analysis of CDOM, seawater was filtered through 0.22-um pore size filters
(Millex-GV, Merck) under the dark condition. Spectral absorbance from 250 to 850 nm was
measured using a single-beam UV-visible spectrophotometer (UV-2450, Shimadzu) with 10-cm
pathlength quartz cells referenced against Milli-Q water. acpom (1) was determined by

acoom (1) =2.303D (1) I'!

where D (1) and | are absorbance at wavelength 1 and the pathlength of quartz cells, respectively.
For the analysis of chl. a, seawater was filtered using Whatman GF/F filters (GE Healthcare Life
Sciences), and chl. a pigment on the filters was extracted with N,N-dimethylformamide (Suzuki &
Ishimaru 1990). Chl. a concentration was measured using a fluorometer (L0AU, Turner Designs)
(Welschmeyer 1994). For the analysis of bacteria, seawater was fixed with the buffered and
pre-filtered (< 0.22 um) formalin (2% final concentration) and stained with a nucleic acid stain
(SYBR Gold, Invitrogen) (Shibata et al. 2006). At least 400 cells filtered on each 0.2-um pore size
polycarbonate filter (Nuclepore Track-Etch Membrane Black, GE Healthcare Life Sciences) were
counted using an epifluorescence microscope (Axioskop 2 plus, Zeiss).

[CO] was measured by headspace analysis (Xie et al. 2002) and GC-FID analysis (Ohta
1997; Ohta et al. 2000). Seawater of about 6 mL in 50-mL glass tubes with glass stopcocks at both
ends was replaced by air, and the glass tubes were vigorously shaken for 3 min using a vortex mixer
and kept standing for 5 min to complete the equilibrium between [CO] in headspace air and

seawater in the glass tubes. The equilibrated headspace air of 2 mL was injected into a gas
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chromatograph (G-3000, Hitachi) fitted with a chromato-integrator (D-2500, Hitachi) using a
gastight glass syringe. CO was separated by Molecular Sieve 13X-S (60/80 mesh) (GL Sciences)
heated at 40°C in a stainless column (inside diameter: 2.2 mm, length: 1 m), reduced to CH,4 by a
methanizer (MT221, GL Sciences) heated at 320°C, and detected by a flame ionization detector at
career gas (G1l-grade He, Taiyo Nippon Sanso) flow rate of 35 mL min . A standard CO gas was

obtained from Taiyo Nippon Sanso.

3.2.4. Calculations

According to Xie et al. (2002), [CO] in natural seawater was calculated based on CO mass
balance in the glass tubes before and after equilibrium using [CO] in the equilibrated headspace air,
the Bunsen solubility coefficient of CO, which is a function of water temperature and salinity
(Wiesenburg & Guinasso 1979), and the volume of headspace air and seawater in the glass tubes.

Photochemical CO production rate was determined by dividing the difference between
[CO] in seawater in quartz bottles before and after incubation experiments by incubation period.
Because [CO] in natural seawater does not usually exceed half-saturation concentration, biological
CO consumption was evaluated by first-order kinetics using the following equation unless it is
assessed by the **C-CO method (Johnson & Bates 1996; Zafiriou et al. 2003; Xie et al. 2005),
which often causes too high [CO] in seawater (zero-order Kinetics) (Jones 1991; Jones & Amador
1993):

[CO]; = [COJo e "

where [CO]J; and [CO], are [CO] at time t and 0, respectively, and kco is biological CO consumption
rate constant.

Instantaneous F was calculated by

F = Kw (Csw — Ceq)

where Cqy and Cgq are [CO] in the SSW and seawater equilibrated with the atmospheric [CO],
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respectively. In this study, the atmospheric [CO] of 117 ppbv, the common atmospheric [CO] in the
Japanese coastal areas under the influence of urban air (Ohta et al. 2000), was used. Apparent ky,
was estimated the quadratic polynomial, wind-driven turbulent diffusion model (Nightingale et al.
2000):
kw = (0.333 u + 0.222 U (Scco / 660) °°

where u is wind speed 10 m above the ocean surface and Scco is the Schmidt number of CO
determined by

Scco=-0.0553 T° +4.38 T> — 140 T + 2134
where T is water temperature (Zafiriou et al. 2008).

The turnover time of the photochemical production (zproq), biological consumption (zcons),
and emission to the atmosphere (zseaair) Of CO in the SML was calculated by the following
equations (Zhou & Mopper 1997; Yang et al. 2001; Yang & Tsunogai 2005; Yang et al. 2005):

Torod = [CO] in the SML / photochemical CO production rate in the SML
Teons = 1 / Kco in the SML

Tsea-air = [CO] in the SML x SML thickness (380 um) / F

3.2.5. Data analysis
Paired t-test was conducted using the monthly means of each parameter in the SML and
SSW, and correlation analysis was performed using a Pearson’s correlation coefficient. Probability

less than 0.05 (p < 0.05) was considered significant in all statistical analyses.

3.3. Results
3.3.1. Environmental factors and CO concentration
Surface water temperature increased from 21.7°C in June 2017 to 26.1°C in August and

gradually decreased until February (13.6°C) (Fig. 3-1a). After that, water temperature increased
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again to 22.0°C in June 2018. Surface salinity was relatively high (> 33.6) during the study period
expect in August (32.4) and October (30.1) (Fig. 3-1b). Mean wind speed during samplings was
relatively low in August (1.1 m s™), October (1.9 m s %), November (1.4 m s %), and January (1.7 m
s!) and relatively high in April (4.1 m s%) (Fig. 3-1c). The integrated solar irradiance during the
incubation period ranged from 0.11 kW m 2 in September to 2.58 KW m2 in March (Fig. 3-1d).

acoom (320) was relatively high in June 2017 (1.48 m™), August (1.22 m™), and
September (0.84 m™) in the SML and in June 2017 (0.63 m %), and August (0.61 m™) in the SSW
(Fig. 3-2a). acpowm (320) in the SML (0.69 + 0.38 m ) showed significantly higher values compared
to the SSW (0.39 + 0.15 m™*) from spring to autumn (June 2017—November and March—June 2018)
(p < 0.01). During winter (from December to February), no significant difference was observed
between acpom (320) in the SML (0.16 + 0.09 m ™) and SSW (0.19 + 0.05 m™) (p = 0.63). Chl. a
concentration was particularly high in June 2017 (43.4 ug L ™) and relatively high in August (6.41
ng L) in the SML and relatively high in August (2.78 pg L™) in the SSW (Fig. 3-2b). During the
study period except in June 2017, chl. a concentration in the SML (1.59 + 1.70 pg L™) was not
significantly different compared to the SSW (1.20 + 0.83 pg L™) (p = 0.25). Bacterial abundance
was relatively high both in the SML and SSW in August (6.39 x 10° cells L™* and 5.71 x 10° cells
L, respectively) and June 2018 (6.22 x 10° cells L™ and 7.61 x 10° cells L™, respectively) (Fig.
3-2¢). Bacterial abundance in the SML (2.78 + 1.98 x 10° cells L™!) and SSW (2.27 + 2.11 x 10°
cells L™) showed no significant difference during the study period (p = 0.07).

[CO] was particularly high in June 2017 (15.0 nM) in the SML and in June 2017 (7.70 nM)
and April (9.98 nM) in the SSW (Fig. 3-2d). No significant difference was observed between [CO]

in the SML (3.53 £ 3.61 nM) and SSW (3.59 + 2.63 nM) during the study period (p = 0.95).

3.3.2. CO production, consumption, and emission to atmosphere

Photochemical CO production rate normalized by the integrated solar irradiance during the
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incubation period was relatively high both in the SML and SSW in June 2017 (10.5 nM [kWh
m 2]t and 2.22 nM [kWh m™2] %, respectively), August (7.58 nM [kWh m?]* and 2.14 nM [kWh
m 2], respectively), and October (5.51 nM [kWh m?]™* and 1.98 nM [kWh m ] ?, respectively)
(Fig. 3-3a). From spring to autumn (June 2017-November and March—June 2018), the
light-normalized CO production rate in the SML (3.85 + 3.09 nM [kWh m?] ) was significantly
higher compared to the SSW (1.22 + 0.65 nM [kWh m™?]™) (p < 0.01). On the other hand, no
significant difference was observed between the light-normalized CO production rate in the SML
(0.84 + 0.31 nM [kWh m?] %) and SSW (0.65 + 0.60 nM [kWh m 2] ™) during winter (from
December to February) (p = 0.41). kco was relatively high both in the SML and SSW from spring to
autumn (June 2017-November and May—June 2018) (Fig. 3-3b). During the period, kco in the SML
(0.060 + 0.010 h™*) was significantly lower compared to the SSW (0.074 + 0.016 h™!) (p < 0.05). In
contrast, kco was significantly higher in the SML (0.049 + 0.015 h™) than in the SSW (0.025 +
0.013 h™*) from winter to spring (from December to April) (p < 0.05).

Apparent ky ranged from 0.53 cm h™* in August to 5.81 cm h™ in April (2.72 + 1.46 cm
h1). F varied over two orders of magnitude from 8.55 nmol m2 h* to 574 nmol m 2 h* (116 + 152
nmol m 2 h™!) with relatively high values in June 2017 (256 nmol m 2 h™) and April (574 nmol m2

h™) (Fig. 3-4).

3.3.3. Relationships between parameters

During the study period except in June 2017, the EF of [CO] (y) showed a significant
negative relationship with [CO] in the SSW (x) (y = 1.74 e %?** * = 0.373, n = 12, p < 0.05) (Fig.
3-5) although no significant relationship was observed with surface water temperature (p = 0.76),
surface salinity (p = 0.68), and mean wind speed during samplings (p = 0.16). F was significantly
positively correlated with [CO] in the SSW (r = 0.925, n = 13, p < 0.001) rather than apparent k,, (r

=0.767,n =13, p <0.01).
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The light-normalized CO production rate (y) showed significant positive correlations with
acpom (320) (x) both in the SML (y = 6.60 x — 0.58, r* = 0.801, n = 13, p < 0.001) and SSW (y =
2.99 x + 0.06, r* = 0.514, n = 13, p < 0.01) (Fig. 3-6a). Significant positive correlations were
observed between surface water temperature (x) and kco (y) both in the SML (y = 0.0018 x + 0.0209,
r?=0.298, n = 13, p < 0.05) and SSW (y = 0.0061 x — 0.0662, r* = 0.726, n = 13, p < 0.001) (Fig.

3-6h).

3.3.4. Turnover in SML

Torod Was relatively low in July (0.65 h), August (0.36 h), and May (0.52 h) (Table 3-1). zcons
ranged from 13.5 h in August to 27.8 h in April and was higher compared to zpoq during the study
period. Relatively high zse-air Was observed in August (0.079 h) and January (0.068 h). The ratio of
Tsea-air 10 Tprod (Tsea-air/Tprod ratio) was low (< 3.03%) during the study period except in August (21.9%).
During the study period, zcons Was much higher compared t0 zsea-air, and the ratio of zgeq-air t0 7cons

(Tsea-airlfcons I’atiO) Wwas IOW (< 0.58%).

3.3.5. Seawater warming experiments

The light-normalized CO production rate of the + 3°C and control conditions did not show
difference throughout the year (Fig. 3-7a). On the other hand, kco was higher under the + 3°C
condition compared to the control condition during autumn, winter, and spring although no
difference was observed during summer (Fig. 3-7b). However, even under the + 3°C condition, zcons
(27.8-55.6 h) was much higher compared t0 zsea-air (0.002—0.017 h), and zsea-air/zcons ratio was low (<

0.047%) (Table 3-2).
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3.4. Discussion
3.4.1. Photochemical CO production

Photochemical CO production rate normalized by the integrated solar irradiance during the
incubation period was significantly positively correlated with acpom (320) both in the SML and
SSW (Fig. 3-6a). This result indicates that photochemical CO production was mainly regulated by
light intensity and CDOM absorbance. Previous studies showed a significant relationship between
acpom and the apparent quantum yield of photochemical CO production (the ratio of the number of
CO produced to that of photons absorbed at a given wavelength), which suggests that acpom can be
used as an indicator of CDOM photoreactivity (Stubbins 2001; Stubbins et al. 2006b; Zhang et al.
2006; Xie et al. 2009).

Because acpom (320) in the SML was significantly higher compared to the SSW from
spring to autumn (Fig. 3-2a), one reason for significantly higher light-normalized CO production
rate in the SML than in the SSW during the period (Fig. 3-3a) was probably significantly higher
concentration of CDOM in the SML. Kieber et al. (1990) reported that the photoproduction of
carbonyl compounds was proportional to the concentration of dissolved organic matter. Further, the
slopes of significant positive relationships between acpom (320) and the light-normalized CO
production rate in the SML and SSW were different, and higher slope was observed in the SML
(6.60) than in the SSW (2.99) (Fig. 3-6a). This result indicates that another reason was higher
photochemical degradability of CDOM in the SML under more intense light condition. Previous
studies showed the dependence of photochemical CO production by the photodegradation of
CDOM on light wavelength and the exponential decrease in the efficiency of CO production with
increasing wavelength (Zafiriou et al. 2003; Ziolkowski & Miller 2007; Kitidis et al. 2011; Stubbins
et al. 2011). For example, photochemical CO production occurs efficiently at 280-320 nm in lakes
and rivers (Valentine & Zepp 1993), at 300-365 nm in the Pacific and Southern Ocean (Zafiriou et

al. 2003), and at 310-340 nm in the Pacific Ocean (Kettle 1994). In the water column, the different
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wavelength of solar radiation penetrates differently, and UV radiation attenuates much more rapidly
with depth compared to visible radiation. For example, Plane et al. (1997) estimated that only 40%
of UV radiation at 310 nm reaches 1 m depth although 99% of visible radiation at 500 nm
penetrates through 1 m depth in productive waters. These results suggest that photochemical CO
production is the most active in the SML among marine environments as reported for the
photoproduction of LMW carbonyl compounds (aldehydes and ketones) (Zhou & Mopper 1997).
They showed up to 24.5 times higher production rate of glyoxylic acids in the SML than in the SSW
of coastal Hatchet Bay, Bahamas and Biscayne Bay, USA.

acpom (320) (y) showed significant positive relationships with not salinity (p = 0.28 and p
= 0.24, respectively) but chl. a concentration (x) in the SML (y = 0.271 In [x] + 0.477, r* = 0.848, n
=13, p < 0.001) and SSW (y = 0.143 x + 0.165, r* = 0.545, n = 13, p < 0.01) (Fig. 3-8) as reported
by previous studies (Nelson et al. 1998; Nelson et al. 2004; Sasaki et al. 2005). This result indicates
that CDOM was mainly supplied from autochthonous phytoplankton, not allochthonous terrestrial
source in the study area. The difference between the relationships in the SML and SSW was

probably due to more rapid removal of CDOM in the SML under more intense light condition.

3.4.2. Biological CO consumption

Kco in the SML was significantly higher from winter to spring but significantly lower from
spring to autumn compared to the SSW (Fig. 3-3b). Tolli & Taylor (2005) estimated kco in Sargasso
Sea during spring—summer by incubating seawater both under the light and dark conditions using
the **C-CO method. They showed significantly lower kco when seawater was incubated under the
light condition, which indicates the inhibitory effect of solar radiation on the activity of
CO-oxidizing bacteria. Thus, significantly lower kco in the SML from spring to autumn in the
present study was probably due to the photoinhibition of the activity of CO-oxidizing bacteria under

relatively strong light condition during the period. From winter to spring, the photoinhibitory effect
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in the SML may have been alleviated under relatively weak light condition.

kco showed significant positive correlations with surface water temperature both in the
SML and SSW (Fig. 3-6b). This result indicates that the activity of CO-oxidizing bacteria was
mainly regulated by water temperature. Less active CO consumption by bacteria at lower water
temperature was also reported by previous studies (Zafiriou et al. 2003; Xie et al. 2005). However,
the slopes of the relationships in the SML (0.0018) and SSW (0.0061) were different. Cunliffe et al.
(2008), who analyzed the community structure of CO-oxidizing bacteria in the coastal North Sea
using a functional gene which encodes CO dehydrogenase (coxL), found totally different
community structure in the SML and SSW. Thus, the difference between the slopes in the SML and

SSW was possibly due to different community structure of CO-oxidizing bacteria.

3.4.3. CO concentration and emission to atmosphere

In surface waters, [CO] generally shows a clear diurnal variation, which is caused by the
imbalance between the photochemical production (source) and biological consumption (sink) of CO
(Conrad et al. 1982; Johnson & Bates 1996; Ohta 1997; Yang et al. 2011). Previous studies reported
that the lowest [CO] is observed before dawn due to biological consumption during the night
whereas [CO] is the highest in the early afternoon because photochemical production exceeds
biological consumption in the morning in surface seawater. The two processes are in balance in the
early afternoon, and then biological consumption overtakes photochemical production. Thus,
sampling time must be taken into account to discuss [CO] in surface waters. In the present study,
samplings were conducted from 9 a.m. to 11 a.m. (LT), which may result in relatively high [CO].
Further, the diurnal variation in [CO] was probably larger in the SML than in the SSW as reported
for the concentrations of LMW carbonyl compounds (Zhou & Mopper 1997).

Gases dissolved in the SML are inevitably lost during samplings. For example, for

dimethylsulfide (DMS), a volatile gas with large concentration difference between the atmosphere
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and the ocean, laboratory experiments and the in situ field investigation showed about 50-70% of
loss from SML samples collected using a mesh screen (Yang et al. 2001; Yang & Tsunogai 2005).
Brooks et al. (2009) showed that 89% of sulfur hexafluoride, an inert tracer, in the SML was lost by
samplings using a mesh screen. However, in June 2017, [CO] in the SML was much higher (15.0
nM), which was equivalent to 16,650% supersaturation, compared to the other months (2.58 + 1.14
nM during the study period except in June 2017) despite possible CO loss during samplings (Fig.
3-2d). Previous studies reported that organic film in the SML formed by the accumulation of
surfactants largely suppressed air-sea gas exchange by acting as a physical barrier and changing
turbulent energy transfer in surface waters. For example, air-sea oxygen exchange experiments in a
laboratory which added natural surfactants derived from phytoplankton (Goldman et al. 1988; Frew
et al. 1990) and synthetic surfactants (Frew 1997; Bock et al. 1999) to surface seawater showed the
decrease in apparent k,, by 5-50% and < 90%, respectively. In the northeast Atlantic Ocean, Salter
et al. (2011) released artificial surfactants (oleyl alcohol), and the *He/SFe-derived apparent ki,
decreased in artificially surfactant-covered waters by < 55% and < 5% compared to natural areas at
wind speed of < 7.2 m s and < 10.7 m s %, respectively. Interestingly, in June 2017, particularly
high concentrations of not only chl. a (43.4 pg L™) (Fig. 3-2b) but also TEPs (2.25 mg Xeq LY
were observed in the SML. These results indicate that the accumulation of organic matter derived
from phytoplankton prevented the emission of CO in the SML to the atmosphere and the estimation
of apparent k,, and the subsequent calculation of F are probably erroneous in June 2017. The
suppression of air-sea gas exchange by high concentration of gelatinous particles in the SML was
also suggested by Engel & Galgani (2016) and Wurl et al. (2016). The present study suggests that
the accumulation of biogenic surfactants in the SML changes apparent k,, and subsequently F.
During the study period except in June 2017 when the suppression of air-sea CO exchange
is indicated, the EF of [CO] showed a significant negative relationship with [CO] in the SSW (Fig.

3-5). This result indicates that large gradient in air-sea [CO] increases CO loss from SML samples
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as reported for DMS by Yang et al. (2001). No significant relationship between surface water
temperature, surface salinity, or mean wind speed during samplings and the EF of [CO] may have
been because the effect of CO solubility and wind-induced turbulence on CO loss during samplings
was masked by that of CO supersaturation in seawater. The insignificant relationship may be
because wind speed at the Odawara Office (the Japan Meteorological Agency) and the in situ wind

speed could be different due to distance between the Odawara Office and sampling station (15 km).

3.4.4. Effect of CO dynamics in SML on air-sea CO exchange

During the study period, z.ons Was about three orders of magnitude higher compared to
Tsea-air With the highest zseq-air/7cons ratio of only 0.58% (Table 3-1). This result suggests that biological
CO consumption in the SML by CO-oxidizing bacteria is not significant and can be ignored in
air-sea CO exchange. Previous studies which investigated the production and consumption rates in
the SML and the sea-air flux of DMS in the northwest Pacific Ocean reported much shorter
turnover time of sea-air DMS emission (on the order of minutes) than that of DMS consumption (on
the order of days) (Yang et al. 2001; Yang & Tsunogai 2005; Yang et al. 2005). Zhou & Mopper
(1997) also showed that the turnover time of LMW carbonyl compounds by air-sea exchange
(0.20-1.2 min) was much shorter compared to photochemical production (< 1 h). On the other hand,
although 7yrog and zseaair Were two orders of magnitude different during most of the study period,
Tprod (0.36 h) can be relatively comparable t0 zseaair (0.079 h) in August With zsea-air/Zprod ratio of
21.9% (Table 3-1). In August, moderate solar irradiance (205 W m2 h™*) and relatively high acoom
(320) (1.22 m™), which was probably due to relatively high chl. a concentration (6.41 pg L™) as
supported by a significant positive relationship between chl. a concentration and acpom (320) in the
SML (Fig. 3-8), were observed in addition to relatively low wind speed (1.1 m s). These results
suggest that photochemical CO production in the SML by the degradation of CDOM s significant

in air-sea CO exchange and enhance F during summer under intense light, active biological
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production, and weak wind conditions. The comparison among zprod, Zcons, aNd Zsea-air iNdicates that
CO loss by emission to the atmosphere largely dominates over that by biological consumption and
that photochemical production only cannot counteract the CO loss to maintain the balance of [CO]
in the SML, which suggests the overestimation of F and the importance of another source of CO in
the SML such as gas transfer from the underlying water.

The present study suggests that photochemical CO production in the SML is active enough
to change apparent ky, and subsequently F. In this case, the two-layer model cannot be applied to
consider CO dynamics in the SML, which requires the reconstruction of air-sea gas exchange model.
Cen-Lin & Tzung-May (2013) proposed the three-layer model to explain the difference in the
measured and calculated gas fluxes determined according to the two-layer model. They
demonstrated that the calculation of the change of acetone concentration in the SML due to
chemical and biological reactions there successfully explained the observed acetone flux in the
Pacific Ocean. The present study suggests that the three-layer model must be applied during
summer to accurately calculate F.

Although photochemical CO production in the SML did not show difference throughout
the year (Fig. 3-7a), seawater warming experiments indicated the stimulation of biological CO
consumption in the SML by the increase in water temperature from spring to autumn (Fig. 3-7b).
During summer, the effect of water temperature increase on the activity of CO-oxidizing bacteria in
the SML was not observed probably due to high in situ water temperature (28.4°C). Because the
increase in kco in the SML decreases F, the present study suggests that the warming of seawater
leads to negative feedback on global warming in temperate coastal waters from spring to autumn.
However, the comparison between zcons and zsea-oir Under the + 3°C condition indicates that the

negative feedback is not significant (Table 3-2).
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Table 3-1. Turnover time of the photochemical production (z,q),
biological consumption (z,,), and emission to the atmosphere (z,.
.ir) OF carbon monoxide and the ratios (zeq.air/Tprod AN Zeeq-air/Teons) N
the surface microlayer

e R TR T
Jun2017 1.68 15.6 0.022 1.33 0.14
Jul 0.65 15.6  0.007 1.15 0.05
Aug 0.36 13,5 0.079 21.9 0.58
Sep 11.5 15.9 0.013 0.12 0.09
Oct 2.88 149 0.037 1.29 0.25
Nov 511 23.8 0.022 0.43 0.09
Dec 584 27.0 0.010 0.18 0.04
Jan2018  2.23 14.7 0.068 3.03 0.46
Feb 1.30 23.3 0.009 0.71 0.04
Mar 1.09 16.1 0.014 1.29 0.09
Apr 156 27.8 0.003 0.16 0.01
May 0.52 175 0.007 1.43 0.04
Jun 1.21 20.8 0.022 1.79 0.10
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Table 3-2. Turnover time of the photochemical production (z;q),
biological consumption (z.,,s), and emission to the atmosphere (z,.
ar) Of carbon monoxide and the ratios (zes.air/Zprod AN Tseq-air/ Toons)
during seawater warming experiments. Surface microlayer samples
were incubated at 3°C higher (+ 3°C) and the in situ water
temperature (control)

Tprod Tcons Tsea-air Tsea-air/Tprod Tsea-air/Tcons

(hy () () (%0) (%0)

Season Condition

AUT +3C 624 357 0.017 0.27 0.047

Control 7.94 476 0.21 0.035

WTR  +3°C 451 556 0011 0.25 0.020

Control 452 714 0.25 0.016

SPR +3'C 081 278 0.28 0.008
0.002

Control 0.86 47.6 0.27 0.005

SMR +3'C 028 213 2.26 0.030
0.006

Control  0.27 19.2 2.37 0.033
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Fig. 3-1. Monthly variations in (a) surface water temperature, (b)
surface salinity, (c) mean wind speed during samplings, and (d) the
integrated solar irradiance during the incubation period

61



(m™)

acpom (320)

Chl. a
(ng LY)

Bacteria
(10% cells L)

JJASONDIJFMAMI]
2017 2018

Fig. 3-2. Monthly variations in (a) the absorption coefficient of
chromophoric dissolved organic matter at 320 nm (acpom [320]),
(b) chlorophyll (chl.) a, (c) bacteria, and (d) carbon monoxide
concentration ([CQ]) in the surface microlayer (closed circles) and
subsurface water (open circles)
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Fig. 3-3. Monthly variations in (a) the photochemical production
rate of carbon monoxide (CO) normalized by the integrated solar
irradiance during the incubation period (CO prod. rate/light) and
(b) biological CO consumption rate constant (kcp) in the surface
microlayer (closed circles) and subsurface water (open circles)
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Fig. 3-4. Monthly variation in sea-air carbon monoxide flux (F)
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Fig. 3-6. Relationships between (a) the absorption coefficient of
chromophoric dissolved organic matter at 320 nm (acpom [320])
and the photochemical production rate of carbon monoxide (CO)
normalized by the integrated solar irradiance during the incubation
period (CO prod. rate/light) and (b) surface water temperature and
biological CO consumption rate constant (kco) in the surface
microlayer (closed circles, solid lines) and subsurface water (open
circles, dashed lines)
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Fig. 3-7. (a) The photochemical production rate of carbon
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during the incubation period (CO prod. rate/light) and (b)
biological CO consumption rate constant (k.o) during seawater
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Fig. 3-8. Relationships between chlorophyll (chl.)) a and the
absorption coefficient of chromophoric dissolved organic matter at
320 nm (acpom [320]) in the surface microlayer (closed circles,
solid lines) and subsurface water (open circles, dashed lines). Inset
shows the magnified view.
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Chapter 4

General Discussion

4.1. Methodological Concerns in the Study of SML

The SML is considered to be tens to hundreds of um thick in natural environments (Zhang
et al. 1998; Zhang et al. 2003; Carpenter & Nightingale 2015; Engel et al. 2017). The thickness of
the SML changes depending on the water temperature and wind conditions and is just operationally
defined by SML samplers (Cunliffe et al. 2011). Cunliffe & Wurl (2014) proposed the standard
sampling methods of the SML, and mesh screens (Garrett 1965), glass plates (Harvey 1966; Harvey
& Burzell 1972), and polycarbonate membrane filters (Crow et al. 1975; Kjelleberg et al. 1979) are
currently most used to typically collect 150-400 pm, 20-150 um, and 40 um thick ocean surface
layers, respectively (Cunliffe et al. 2011) (Table 1-1). SML samplers are selected depending on the
aim of a study and the desired volume of seawater because they each have specific advantages and
disadvantages. The results of the study of the SML critically depend on sampling methods applied,
and the characteristics of SML samples collected by each SML sampler has to be recognized.

In the present study, a mesh screen was used to collect SML samples. First, a mesh screen
allows the effective sampling of dissolved and particulate materials with a wide range of sizes to
compare different chemical and biological parameters (Agogué et al. 2004; Momzikoff et al. 2004).
For example, Agogué et al. (2004) investigated the enrichment of various sizes of microorganisms
in the SML ranging from bacteria to ciliates using both a mesh screen and glass plate. They found
that the EF of bacterial abundance was similar for SML samples taken by a mesh screen (1.09) and
glass plate (1.18) but that of ciliate abundance was significantly lower for SML samples collected
by a glass plate (0.29) compared to a mesh screen (0.63). This result indicates that larger
microorganisms, especially larger than flagellates, have lower values in the SML and thus EFs but

that a mesh screen has much lower size selectivity due to smaller contact area with seawater
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compared to a glass plate. The chemical compositions and microbial community structure in SML
samples were affected by SML samplers. Further, a mesh screen collects a large volume of SML
samples during a short period and considered to be appropriate for studies which examines
relationships between multiple parameters and which requires a large amount of samples for
analysis. Specifically, a mesh screen reduces CO loss during samplings and the variability in
thickness (Yang et al. 2001). DMS loss during the samplings of the SML was smaller for SML
samples collected by a mesh screen than by a glass plate. However, a mesh screen collects much
thicker SML samples compared to other samplers. In the present study, the calculated thickness of
the SML was 380 + 9 um and possibly thicker than the thickness of the sea-side thin film in natural
environments. Thus, caution must be taken that SML samples may have been diluted by the
underlying water during samplings and values in the SML and EFs may have been underestimated.
EFs, which numerically express the extent of enrichment in the SML, have been used in
the study of the SML to distinguish the variations in parameters in the SML due to those in the SSW
from due to the enrichment or depletion of materials in the SML and to compare the enrichment of
different chemical and biological parameters in the SML. In addition to the sampling methods of the
SML, the depth of the SSW, usually 0.5-1 m, can also be a concern to interpret values in the SSW
and EFs. Traditionally, the measurement of water temperature by buoys has shown that the vertical
variation near the ocean surface (0.5-2 m depth) is not significant and typically less than 0.5°C
(Emery et al. 2001). Agogué et al. (2004) examined the SSW depth of less than 5 m (0.5 and 5 m
depth) and found significant effect on results, and Brooks et al. (2009) showed that the vertical
profile of DMS concentration in the upper 2 m of the water column was vertically similar. However,
Momzikoff et al. (2004) showed that the surface ocean (0.05-1 m depth) is not necessarily
homogeneous. The vertical homogeneity of parameters in the ocean surface depends on the water
column structure, and the thermal stratification seasonally plays important roles to interpret values

in the SSW and EFs.
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Traditionally, the difference between water temperature in the SML and SSW has been
reported (Saunders 1967; Soloviev & Schlissel 1994; Fairall et al. 1996; Wick et al. 1996). The
SML temperature, often referred to as the skin sea surface temperature (SST), is defined as water
temperature measured by an infrared radiometer. On the other hand, water temperature in the SSW,
the bulk SST, is defined as water temperature below the ocean surface measured by ships and buoys.
The difference between the skin and bulk SST (AT) varies rapidly and depends on wind speed and
air-sea heat flux, which mean the renewal and the heating or cooling of the skin, respectively
(Emery et al. 2001). In the present study, we measured only the bulk SST using seawater taken from
the SSW with a bucket, which does not represent water temperature just at the ocean surface (in the
SML). However, because instantaneous AT is usually up to 2°C even under intense light and weak
wind conditions (Garcon et al. 2014), the bulk SST can be used instead of the skin SST to calculate
the Bunsen solubility coefficient of CO and Scco in the SML and to incubate SML samples, which

does not significantly affect the conclusions of the present study.

4.2. SML in Temperate Coastal Waters

The present study clarified the seasonality of organic matter and microorganisms in the
SML of coastal waters of Sagami Bay where the seasonal patterns of physical, chemical, and
biological factors are clearly observed in the water column (Sugai et al. 2016). The EFs of organic
matter concentration and microbial abundance particularly increased during spring when
phytoplankton blooms occurred in the SML (Fig 2-7), which is comparable to EFs reported by Wurl
et al. (2011b) and Waurl et al. (2016), which collected SML samples in visible slick areas, and
Nakajima et al. (2013), conducted in tropical coral reef waters (Table 1-1). In coastal areas of
Sagami Bay, POy is depleted in surface waters throughout the year except during winter when PO,
is supplied from deeper waters (Sugai et al. 2016), and phytoplankton growth is indicated to be

limited by PO, unavailability in the surface ocean from spring to summer (Fujiki et al. 2004).
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Coastal Sagami Bay occasionally receives the allochthonous input of inorganic nutrients through
processes such as freshwater inflow and the atmospheric deposition of aerosols on the ocean surface.
The episodic, external supply of PO4 in such areas may result in phytoplankton blooms in the SML
and the formation of viscous, stable SML.

Based on results obtained in Chapter 2 and Chapter 3, the possible formation of the stable
SML in temperate coastal waters and its implication in air-sea gas exchange can be proposed. In
Chapter 2, when phytoplankton blooms in the SML were observed during spring, the increase in the
EFs of organic matter concentration and microbial abundance was largely different between April
2014 and May 2015 probably due to the difference in time period from phytoplankton blooms to
samplings (Fig. 2-7). In April 2014, the EFs of all chemical and biological parameters particularly
increased and were the highest during the study period. On the other hand, although the EFs of
DOC concentration (2.89), acpom (320) (3.20), TEP concentration (2.99), chl. a concentration
(3.92), and bacterial abundance (6.95) showed particularly high values enough to be determined as
outliers, those of POC concentration (3.09), ANF abundance (4.65), and HNF abundance (4.70)
remained moderate in May 2015. If the time lag between the occurrence of phytoplankton blooms
in the SML and samplings was longer compared to May 2015, the extent of the development of
microbial communities in the SML may have been possibly different between April 2014 and May
2015. Possibly, the blooms of phytoplankton dominated by diatoms caused the extracellular release
of dissolved organic matter and TEPs, which results in the formation of the viscous, stable SML.
Then, phytoplankton-derived materials stimulated bacterial growth. However, relatively a large
amount of time is required for the growth of flagellates and subsequently the increase in POC
concentration. This hypothesis is also supported by the results obtained in Chapter 3. In June 2017
when a phytoplankton bloom was observed (Fig. 3-2b), high EF was observed for only acpom (320)
(2.34) (Fig. 3-2a) and TEP concentration (10.8) and not for bacterial abundance (1.47) (Fig. 3-2c),

which indicates that phytoplankton extracellularly release CDOM and TEPs rapidly.
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Once viscous, stable SML is formed, active chemical and biological reactions are expected
to occur in the SML. In Chapter 3, during a phytoplankton bloom in June 2017, the EF of
photochemical CO production rate normalized by the integrated solar irradiance during seawater
incubation was the highest (4.74) during the study period (Fig. 3-3a), which potentially increases F.
However, particularly high [CO] in the SML (15.0) was also observed despite possible CO loss
from SML samples during samplings (Fig. 3-2d), which indicates the suppression of air-sea gas
exchange and thus the decrease in F by the formation of the organic film in the SML due to the
accumulation of surfactants. Thus, the formation of the viscous, stable SML causes active chemical
and biological reactions which potentially promote air-sea gas exchange but simultaneously forms
the organic film which prevents air-sea interactions. Under such a condition, the estimation of
apparent ky, and subsequently the calculation F can be erroneous.

During the study period except in spring (April 2014 and May 2015), the EF of each
chemical and biological parameter was within values reported by previous studies (Table 1-1). This
result indicates that the enrichment of organic matter and microorganisms in the SML of temperate
coastal waters is similar to that of various oceanic areas from tropical to polar regions and coastal to
oceanic waters. Nevertheless, although the enrichment of bacteria in the SML did not cause
significant biological CO consumption in air-sea gas exchange (Table 3-1), the enrichment of
CDOM in the SML led to high photochemical CO production enough to potentially enhance F
under intense light and weak wind conditions.

In temperate coastal waters, the enhancement of F by photochemical CO production in the
SML was probably lower compared to areas where higher solar radiation and CDOM concentration
are observed. For example, tropical coastal areas are expected to show active photochemical CO
production. Mizubayashi et al. (2013) reported high concentration of CDOM mainly derived from
terrestrial water in tropical coral reef waters, especially during monsoon seasons. Further, Nakajima

et al. (2013) found particularly high enrichment of organic matter in the SML of high coral
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coverage areas although they did not take CDOM samples (Table 1-1), which indicates the
contribution of organic matter derived from benthic communities to the formation of the SML.
Indeed, photochemical CO production rate was as high as 15.0 nM h* in the SML of the west coast
of Bidong Island, Malaysia in October 2017, which is much higher than that observed in the present
study (0.22-8.95 nM h™%). Photochemical CO production in the SML may enhance not only regional
but also global F, which suggests the reassessment of the relative importance of the ocean as a

source of [CO] in the atmosphere.

4.3. Future Studies

Traditionally, gas concentration at some depth in the surface ocean has been usually used
as Cqy. To re-evaluate air-sea gas flux, the in situ gas concentration in the SML should be used as
Csw due to the expected significant difference in the SML and SSW. However, the in situ gas
concentration cannot be measured at present, and the sampling method of the SML which does not
allow gas volatilization during samplings has to be developed. Current sampling techniques do not
allow the collection of SML samples for the measurement of the in situ dissolved gas concentration.
The determination of dissolved gas concentration in the SML and subsequently air-sea gas flux
requires new sampling techniques which prevent gas volatilization from the SML during samplings.
One approach, a cryogenic technique, which samples the SML as an ice layer, was suggested by
Turner & Liss (1989), but no significant difference was observed between the DMS concentration
of SML samples collected by a mesh screen and a cryogenic technique and the effect of freezing by
liquid nitrogen on the chemical compositions and biological activity of SML samples remains an
issue. The development of a new SML sampling method without exposure to the atmosphere
provides better understanding of gas concentration difference in the atmosphere and ocean.

The SML probably have important roles in the air-sea exchange of other GHGs such as

CH; and N;O. The measurement of oxygen using microelectrodes showed that anaerobic
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microenvironments exist in particles, especially in biogenic gels, due to low oxygen permeability by
gelatinous films and high oxygen consumption rate by bacteria (e.g. Ploug 2008). Indeed, active
CH, production in the ocean water column was confirmed near the pycnocline where high particle
concentration was observed (e.g. Yoshida et al. 2011). In the present study, the most ubiquitous
gelatinous particles, TEPs, accumulated in the SML, and the production and consumption processes
of CH,4 and N,O may be active in the anaerobic microenvironments of the SML although it is in
contact with the atmosphere. Future studies should investigate the production and consumption
rates of CH4 and N,O in the SML when the accumulation of gelatinous particles is observed and

their effect on the air-sea flux of CH, and N,O.

4.4. Conclusions

This study investigated various organic matter and microorganisms in the SML throughout
the year for the first time and the role of their enrichment in the SML in air-sea CO exchange in
temperate coastal waters. Organic matter concentration and microbial abundance in the SML
showed clear seasonality, and their EFs was particularly high during spring probably due to
phytoplankton blooms in the SML induced by the external supply of inorganic nutrients. When a
phytoplankton bloom occurred in the SML, particularly high [CO] was observed there, which
indicates the suppression of air-sea CO exchange by the accumulation of biogenic surfactants in the
SML. Throughout the year, although bacteria were significantly enriched in the SML, biological CO
consumption by bacterial activity in the SML can be ignored in air-sea CO exchange. However,
significant enrichment of CDOM in the SML can result in active photochemical CO production by
the photodegradation of CDOM there enough to promote air-sea CO exchange during summer
under intense light and weak wind conditions. These results suggests that, in temperate coastal
waters, the accumulation of organic matter in the SML decreases apparent k,, during spring whereas

photochemical CO production in the SML increases apparent k, during summer and that the
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three-layer model including the SML must be applied to accurately calculate the sea-air flux of CO.
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Appendix 1. Monthly values of surface water temperature, surface
salinity, and mean wind speed during samplings (Sugai et al. 2018)

Temperature Salinity Wind speed

Month (C) (ms)
Sep 2013 26.1 33.1 1.23
Oct 19.8 30.6 1.23
Nov 18.0 33.9 0.87
Dec 16.3 34.6 2.50
Jan 2014 14.0 34.8 1.50
Feb 13.8 34.0 1.03
Mar 13.0 34.5 2.07
Apr 15.4 34.1 3.80
May 18.4 34.3 4.00
Jun 21.6 32.6 2.30
Jul 24.7 32.3 1.43
Aug 24.8 33.8 1.43
Sep 24.6 34.5 2.07
Oct 22.0 32.4 2.17
Nov 19.0 34.4 1.73
Dec 15.5 34.4 5.37
Jan 2015 15.0 34.0 1.07
Feb 13.8 34.4 1.83
Mar 13.0 34.4 7.27
Apr 14.2 34.1 1.10
May 17.3 33.3 2.77
Jun 20.8 33.0 1.17
Jul 23.9 30.4 3.20
Aug 26.4 33.7 2.47
Sep 25.2 32.0 3.33
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Appendix 2. Monthly values of nitrate (NO;), ammonium (NH,), phosphate (PO,),
and silicate (SiO,) in the surface microlayer (SML) and subsurface water (SSW)
(Sugai et al. 2018)

NO; NH, PO, SiO,

Month (LM) (LM) (LM) (LM)
SML SSW SML SSW SML SSW SML SSwW

Sep 2013 1.08 0.14 0.64 0.53 0.02 0.02 509 2.69

Oct 144 13.2 0.83 0.94 046 041 318 315
Nov 3.04 278 0.48 0.95 0.15 0.14 6.60 6.23
Dec 403 227 1.00 0.67 019 017 128 117
Jan 2014 7.00 6.53 0.73 0.67 043 044 233 226
Feb 6.52 5.76 1.05 0.75 041 041 235 225
Mar 3.16 2.73 1.77 0.89 025 020 140 132
Apr 096 0.04 1.43 0.74 0.61 0.02 3.87 7.48
May 0.87 0.03 123 114 0.06 0.05 494 361
Jun 123 0.14 1.10 0.86 0.02 0.02 515 340
Jul 208 1.12 1.31 0.88 002 002 139 1238
Aug 045 0.03 0.67 0.79 0.02 0.02 256 271
Sep 091 043 0.97 0.95 0.06 0.05 6.60 5.63
Oct 6.34 5.63 116 1.89 026 0.27 396 371
Nov 3.50 3.00 0.77 0.67 026 021 205 202
Dec 6.48 6.18 0.80 0.67 055 054 109 105
Jan 2015 7.64 7.26 1.11 0.96 059 057 211 206
Feb 166 3.46 1.34 139 011 021 9.52 112
Mar 870 7.71 132 0.84 0.74 0.69 16.7 16.7
Apr 3.84 3.65 238 272 0.39 0.38 981 8.39
May 3.63 0.30 469 1.68 0.52 0.05 284 1.28
Jun 0.03 0.18 0.88 1.13 0.07 0.02 2.88 1.96
Jul 0.85 0.50 0.46 0.56 0.11 0.04 153 152
Aug 089 0.44 1.10 0.95 0.09 0.04 512  4.39
Sep 201 0.05 1.19 0.46 0.14 003 194 225
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Appendix 3. Monthly values of dissolved organic carbon (DOC), the absorption
coefficient of chromophoric dissolved organic matter at 320 nm (acpom [320]),
particulate organic carbon (POC), and transparent exopolymer particles (TEP) in
the surface microlayer (SML) and subsurface water (SSW) (Sugai et al. 2018)

DOC  acoom(320)  POC TEP
Month  (mgCL™) (m™) (MgCL™) (mgXe L™
SML SSW  SML SSW SML SSW  SML SSW
Sep2013 153 124 087 079 050 045 043 0.42

Oct 133 1.14 096 0.94 0.54 0.27 045 0.21
Nov 1.01 0.96 0.56 0.55 0.33 0.19 031 0.21
Dec 092 1.36 045 0.37 021 0.12 029 0.34
Jan 2014 1.04 0.82 042 0.35 0.36 0.16 037 0.22
Feb 0.88 0.87 0.46 0.63 0.35 0.20 022 031
Mar 1.09 0.90 0.80 0.56 0.28 0.38 0.38 0.30
Apr 6.60 1.38 225 0.73 5.17 0.74 5.44 0.89
May 3.36 1.12 1.35 0.86 0.66 0.37 048 0.34
Jun 1.89 1.67 122 1.10 0.77 0.54 042 047
Jul 146 1.34 1.26 1.12 0.88 0.52 028 0.20
Aug 1.20 1.15 0.83 0.66 0.36 0.22 029 0.20
Sep 115 1.20 1.29 0.95 0.48 0.27 034 0.15
Oct 1.14 0.98 093 112 0.77 0.27 0.30 0.20
Nov 1.05 091 0.89 051 0.65 0.22 021 0.16
Dec 0.77 0.80 0.53 0.57 0.14 0.09 013 0.21
Jan 2015 099 081 0.57 0.54 0.32 0.09 0.23 0.15
Feb 0.96 0.85 0.37 0.36 0.40 0.33 032 0.29
Mar 095 0.72 0.38 0.32 042 0.13 0.26 0.20
Apr 1.37 1.03 0.74 0.65 0.46 0.19 030 0.29
May 6.29 2.18 273 1.99 1.98 0.64 211 0.71
Jun 156 1.17 121 101 1.60 0.35 0.73 0.37
Jul 153 1.25 121 115 0.83 0.63 032 0.26
Aug 1.20 0.84 1.01 048 0.67 0.31 046 0.20
Sep 143 111 1.30 1.13 1.11 0.67 052 0.52
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Appendix 4. Monthly values of chlorophyll (chl.) a, autotrophic nanoflagellates (ANF),
bacteria, and heterotrophic nanoflagellates (HNF) in the surface microlayer (SML) and
subsurface water (SSW) (Sugai et al. 2018)

Chl.a ANF Bacteria HNF
Month (Mg L™ (10%cells L™) (10%cells L™) (10°cells L™)
SML SSW  SML SSW  SML SSW  SML SSW
Sep 2013 607 882 433 129 154 125 670 0.79

Oct 3.67 371 571 1.86 1.48 0.97 6.10 0.72
Nov 415 3.32 158 214 0.85 0.46 3.15 113
Dec 1.76 1.10 069 0.79 025 042 226  0.66
Jan 2014 1.93 1.47 226  0.63 0.53 0.37 1.87 101
Feb 3.87 3.25 384 135 045 0.36 3.84 148
Mar 533 9.34 315 1.20 1.09 0.72 433 271
Apr 129 17.5 46.3 1.13 16.1 2.07 69.9 1.89
May 841  4.09 6.79 1.45 3.74 243 12.1 1.95
Jun 8.46  6.05 428 2.74 3.84 2.07 6.65 2.74
Jul 7.74 458 111 5.48 6.56 541 111 4.73
Aug 0.82 1.03 236 0.66 269 149 6.50 2.55
Sep 2.23 1.80 6.94 4.29 361 155 14.0 6.05
Oct 341 221 857 121 402 199 10.9 0.92
Nov 1.27 1.15 443 0.79 352 133 207 091
Dec 083 0091 0.78 131 096 1.10 043 0.22
Jan 2015 0.68 0.56 091 0.25 0.80 0.50 0.80 0.13
Feb 6.79 118 089 0.85 194 1.04 0.89 0.28
Mar 2.73 1.92 1.77 0.82 0.80 0.53 207 0.77
Apr 164 1.03 433 233 1.73 128 6.70 183
May 31.4 7.99 255 5.48 10.4 1.50 240 5.10
Jun 25.9 4.87 174 3.33 3.60 2.39 15.9 2.48
Jul 200 201 12.6 4.06 3.17 1.66 12.0 3.31
Aug 3.06 081 517 2.27 252 194 5.17  2.65
Sep 7.78 10.5 21.0 8.51 497 270 21.6 6.62
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Appendix 5. Monthly values of surface water temperature, surface salinity,
mean wind speed during samplings, and the integrated solar irradiance during
the incubation period

Month Temperature Salinity Windspeed Irradiance

(CC) (ms™) (kwm™)

Jun 2017 21.7 33.6 3.23 0.85
Jul 23.4 34.2 3.50 1.38
Aug 26.1 32.4 1.05 1.03
Sep 25.4 34.4 2.70 0.11
Oct 22.2 30.1 1.87 0.20
Nov 19.7 34.2 1.43 0.14
Dec 16.9 34.9 3.38 0.26
Jan 2018 15.0 34.9 1.70 1.05
Feb 13.6 34.8 2.80 1.29
Mar 17.2 34.1 2.85 2.58
Apr 16.2 34.4 4.10 1.98
May 17.9 34.0 3.03 1.46
Jun 22.0 33.6 2.45 1.18
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Appendix 6. Monthly values of the absorption coefficient of chromophoric dissolved
organic matter at 320 nm (acpom [320]), chlorophyll (chl.) a, bacteria, and carbon
monoxide concentration ([CO]) in the surface microlayer (SML) and subsurface water
(SSW)

acpowm (320) Chl.a Bacteria [CO]
Month (m™) (Mg L™ (10°%cells L™) (nM)

SML SSW  SML SSW  SML SSW  SML SSW
Jun2017 148 063 4339 1.95 301 205 1500 7.70

Jul 0.53 0.37 0.65 0.61 202 132 224 316
Aug 1.22 061 6.41 2.78 6.39 5.71 281 2.63
Sep 0.84 041 2.68 245 314 154 442 552
Oct 046 0.34 1.90 0.91 097 1.06 311 242
Nov 031 0.20 127 142 1.04 0.63 113 213
Dec 0.13 0.25 040 0.49 0.73 0.74 181 1.73
Jan 2018 0.09 0.15 035 045 082 094 152 0.70
Feb 0.26 0.18 025 0.22 0.78 0.63 113 153
Mar 045 0.28 1.88 188 289  2.56 342 313
Apr 0.57 0.48 0.77 1.48 383 294 3.83 9.98
May 0.40 0.18 0.67 0.50 425 181 1.71 2.75
Jun 0.62 041 1.81 123 6.22 7.61 380 3.23
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Appendix 7. Monthly values of the photochemical production rate
of carbon monoxide (CO) (CO prod. rate) and biological CO
consumption rate constant (k.o) in the surface microlayer (SML)
and subsurface water (SSW)

CO prod. rate Kco
Month (nMh™) (h™)

SML  SSW SML SSW
Jun 2017 8.95  1.89 0.064 0.094

Jul 3.45 1.24 0.064 0.085
Aug 7.82 2.21 0.074 0.092
Sep 0.38 0.14 0.063 0.081
Oct 1.08 0.39 0.067 0.058
Nov 0.22 0.09 0.042 0.071
Dec 0.31 0.34 0.037 0.031
Jan 2018 0.68 0.48 0.068 0.045
Feb 0.87 0.23 0.043 0.012
Mar 3.15 1.25 0.062 0.018
Apr 2.45 1.25 0.036 0.019
May 3.32 1.32 0.057 0.057
Jun 3.14 1.18 0.048 0.056
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Appendix 8. Monthly values of surface water temperature, the integrated solar irradiance during the incubation period, carbon
monoxide (CO) concentration ([CQO]) in the subsurface water (SSW), [CO] in the surface microlayer (SML), photochemical CO
production (prod.) rate, and biological CO consumption rate constant (k-) during seawater warming experiments. SML samples were
incubated at 3°C higher (+ 3°C) and the in situ water temperature (control)

Season Condition Temperature Irradiance [CO]inSSW [CO]inSML COprod.rate kco

O (kW m‘Z) (nM) (nM) (nM h‘l) (h‘l)

AUT +3°C 0.55 0.028
18.3 0.44 437 3.40

Control 0.43 0.021

WTR +3°C 1.05 0.018
155 0.17 5.87 4.73

Control 1.05 0.014

SPR +3°C 6.18 0.036
20.5 1.77 22.8 4.99

Control 5.83 0.021

SMR +3°C 15.7 0.047
28.4 2.67 21.9 4.38

Control 16.4 0.052
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